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ABSTRACT  
 
I. Martinez-Bautista. Soil fertility, emergy evaluation, and improvements to milpa, in indigenous 
Zapotec agroforestry systems, 176 pages, 14 tables, 10 figures, 2017. Geoderma style guide 
used.  
 
This research was conducted in the tropical mountainous area in the northeast of Oaxaca, 
Mexico (Sierra Norte). This area is inhabited by the Zapotec indigenous people whose 
livelihoods rely upon traditional agriculture. The Zapotec farmers’ main agricultural system is 
the milpa, an intercropping of primarily corn and beans; shaded coffee; and sugar cane. Trees are 
also part of the cropping systems and provide shade as in shaded coffee, function as barriers 
between land uses, or are used to shift from annual cropping to perennial shade coffee. This 
research demonstrates that these various land uses are part of a traditionally designed 
agroforestry system that provide ecosystem services such as carbon sequestration, and soil 
fertility. The first approach to study this system was an emergy evaluation of the Zapotec 
traditional education system (TEK-education). More specifically, I looked at the energy inputs 
from renewable and non-renewable resources that supports this knowledge system.  
 Second, I compared soil fertility, carbon and nitrogen concentrations, among land-uses 
within the Zapotec agroforestry. For shaded coffee, I determined carbon sequestration in the 
standing biomass and carbon inputs from litterfall from the leguminous species Inga spp. Results 
from these lines of research indicated that TEK education systems have similar emergy 
transformity values, and lower environmental impact than conventional systems. Soil organic 
carbon and nitrogen concentrations were higher in secondary forest and were not statistically 
different among land uses under cropping, thus providing evidence of the conservation of soil 
nutrients among land uses.  
I found that milpa cropping had an acidic pH, and sugar cane had the lowest soil organic 
carbon and nitrogen. Hence, I developed an experiment to test the use of mulch derived from 
Inga vera Wild. and the organic fertilizer Bio-orgamin to increase soil pH, exchangeable cations, 
and milpa yields. This treatment showed promise for increasing pH and exchangeable cations, 
and to increase biomass in milpa. Finally, I included a chapter on performance ethnography, 
reflecting on my own experiences while engaging in research within the Zapotec community to 
which I belong.  
 
Keywords: Zapotec agroforestry, traditional ecological knowledge, emergy, milpa, organic 
fertilizer, shade coffee, Lalopa, sierra norte Oaxaca, autoethnography  
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CHAPTER 1 INTRODUCTION 
 
Traditional farmers in tropical areas manage diverse landscapes in which crops, trees, and 
forests coexist. In indigenous communities such land management persist because they are part 
of the community tradition, which is the cultural continuity transmitted in the form of social 
attitudes, beliefs, principles, and conventions of behavior and practiced derived from historical 
experience (Berkes, 1993). Traditional management involve customary practices, however, in 
this research I argue that Zapotec agroforestry is a dynamic system that evolves to adapt to 
socioeconomic and ecological changes (Berkes et al., 2000).  
It has been argued that this traditional land management provides ecosystem services, 
such as biodiversity preservation, carbon sequestration, furthermore practices such as 
intercropping, crops diversity, and water preservation makes them resilient to climate change 
(Altieri and Nicholls, 2017; Rogé et al., 2014; Toledo and Moguel, 2012). Hence, these systems 
can be a source of knowledge and practice to adapt current food systems to a future with 
unpredictable climate. Moreover, traditional crop systems have provided a sustained livelihood 
for people, using very limited external inputs and thus could be a resilient system in the face of 
increasingly limited fossil fuel resources. However, current environmental and socio-economic 
changes threaten their sustainability. Research to address the challenges in traditional farming 
are therefore critical. My study aimed to analyze the ecosystem services provided by the Zapotec 
indigenous agroforestry in Oaxaca Mexico, and design practices to improve crop yield. In this 
first chapter I describe agroforestry and the ecosystem services provided by indigenous land 
management. I also document challenges faced by traditional farming, as well as the role of 
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traditional ecological knowledge in its function. This theoretical background provides 
information to shape the next chapters of my dissertation. 
 
Agroforestry 
Agroforestry is defined by Atangana et al. (2014) as any land-use system, practice or 
technology, where woody perennials are integrated with crops and animals in the same 
management unit, in some form of spatial arrangement or temporal sequence. Agroforestry aims 
to increase and sustain crop production and to conserve ecological function of environmental 
components such as soil fertility and biodiversity. It can be implemented at various levels in 
land-use management: micro (household), meso (village, watershed, community), and macro 
(region or ecozone).  
 Nair (1985) classified agroforestry systems based on vegetation structure into: 
silvopastoral systems that consist of pastures or animals, and trees; agrosilvopastoral systems, 
that consist of crops, pastures, or animals, and trees; and agrosilviculture, consisting of crops and 
trees. The arrangement of trees leads to a subsequent spatial classification relevant to 
agrosilviculture, in which trees can be located along the border of croplands, as alternate rows of 
trees and crops, alternative strips (alley cropping), and random mixture (Fig. 1.1). 
Based on function, agroforestry is classified by productive function, such as in food 
production, and protective function, such as in shelter belts (Nair, 1985). Trees in agroforestry 
systems contribute to the diversification and sustainability of production by providing weed 
control; nitrogen fixation, when using trees of the Fabaceae family, for example; shade for 
perennial crops, such as cocoa and coffee; carbon sequestration; and erosion control. The 
 3 
introduction of animals into agroforestry systems provides benefits such as weed control through 
grazing; and food products such as meat, milk, and eggs (Nair, 1985). 
Based on socioeconomic activities, agroforestry is classified into commercial, subsistence 
and intermediate (Lundgreen and Raintree, 1982). In subsistence systems, farmers produce most 
of what they consume, and the land is used primarily to meet the basic needs of the household. 
Subsistence systems include food crop farms (usually swidden practices), home gardens, and 
medium-sized cash-crop plantations such as cocoa, coffee, oil palm, rubber or tea. Labor is 
typically not hired, but is done by members of the household. Cultivation of cash crops may 
supplement subsistence farming activities. 
 
 
Figure 1.1 Spatial arrangements of trees in agroforestry (from Atangana et al. 2014).  
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Agroforestry in tropical areas  
The most common agroforestry systems in the humid tropics that are relevant to my 
research are home gardens, perennial crop-based systems, and alley cropping.  
Home gardens. A home garden is the association of multipurpose trees and shrubs, 
annual or perennial plants, or livestock within the household compound (Fernandes and Nair, 
1986). Besides being a repository of food for the family, a home garden also can provide shade 
for livestock or serve ornamental purposes. Home gardens in the tropics have been utilized for 
millennia; they often contain vegetables, tuber crops, medicinal plants, multipurpose plants and 
indigenous fruit trees. Perennial tree crops such as cocoa and coffee also can be found in home 
gardens. Home gardens often contain a high diversity of species and can be structurally 
comparable to natural forests (Gajaseni and Gajaseni, 1999). Home gardens contain about four 
canopy strata, and their average area is less than one hectare (Fernandes and Nair, 1986). Home 
gardens can be grouped in three species groups (Tchatat et al., 1995). The first would be 
composed of grain, such as maize (Zea mays L.) in Latin America, which can be combined with 
beans (Phaseolus vulgaris L.), and peanut (Arachis hypogaea L.). The second group consists of 
multi-year food crops such as plantain (Musa spp.), and cassava (Manihot esculenta Crantz). The 
third group is composed of fruit species, such as mango (Mangifera indica L.), citrus trees 
(Citrus spp.), and avocado (Persea spp.).  
Perennial crop-based agroforestry. These systems are widespread in the tropics due to 
their importance in providing economic income for families. Crops are mostly cash crops, such 
as cocoa (Theobroma cacao L.), coffee (Coffea spp.), or vanilla bean (Vanilla planifolia Jacks. 
ex. Andrews). Other species in perennial agroforestry include: oil palm (Elaeis guineensis Jacq.), 
coconut (Cocos nucifera L.), cashew (Anacardium occidentale L.), rubber tree (Hevea 
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brasilensis Müll. Arg.), black pepper (Piper nigrum L.) (Atangana et al., 2014). In the tropical 
highlands, arabica coffee and tea are the most common perennial crops.  
Annual or biennial food crop farms. Shifting cultivation (or swidden) is an agroforestry 
system in which food crops are grown for often two or three seasons on a plot of land, and then 
the land is left to fallow for several years (typically greater than 7 years) to restore fertility 
(Tschakert et al., 2007), while other plots of land are cultivated. If the fallow is long enough, it 
can turn into a secondary forest. Vegetation is removed by clearing and burning before planting 
food crops. In Mexico, this system is known as the milpa system where the main crops are 
maize, beans and squash (Cucurbita pepo L.).  
Alley cropping/intercropping systems. These agricultural systems have crops grown in 
alleyways formed by rows of trees of various leguminous plants including: trees and shrubs. 
Trees and shrubs include legumes such as Acacia spp., Leucaena leucocephala (Lam.) de Wit, 
Gliricidia sepium (Jacq.) Kunth ex Walp., actinorhizal plants such as Alnus acuminata Kunth, 
and Tithonia diversifolia (Hemsl.) A. Gray. The plants are pruned during a crop’s growth to 
prevent shading, and to reduce competition for light, nutrients and soil moisture between crops 
and legumes. The principle of alley cropping is to encourage nitrogen fixation by the legumes or 
the actinorhizal plants and maintain soil fertility during cultivation or to replace nutrients 
exported by crops while avoiding or mitigating competition among the legumes, actinorhizal 
plants and crops. Biomass harvested by pruning twigs and leaves can enrich the soil when added 
as mulch, or is used as a source of fuelwood for the household (Atangana et al., 2014; Nair, 
1993). 
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Indigenous agroforestry in Mexico. 
Trees are ubiquitous and perform critical roles in the functioning of traditional 
agricultural systems in Mexico. Olofson (1983) called tree management in indigenous 
agroecosystems indigenous agroforestry. He asserts that this agroforestry has been developed 
through trial-and-error over many centuries on the farmer’s fields. Hence, it is as valid as 
scientific agroforestry developed through experimentation. Land management by indigenous 
peoples in the Mexican humid tropics consists of several land plots, containing diverse crops,   
which have been developed and adapted to a heterogeneous landscape (Toledo et al., 2003). 
Milpa. The traditional milpa, the intercropping of maize, beans and squash, is a 
paramount component of the indigenous management system due to its cultural, socioeconomic, 
and ecological relevance. Mexico is the center for domestication and diversification of maize 
(Piperno and Flannery, 2001); milpa systems contain a high biodiversity of cultivated and un-
cultivated plants and are the repositories of traditional maize varieties (landraces) from which 
research institutions obtain germplasm for maize improvement (Altieri, 1999; Hugo et al., 2003). 
Traditional cultures developed alongside with milpa cultivation, as evinced in the festivals, 
fiestas, beliefs and creation myths of farming communities. Maize also plays a social role as it 
defines land tenure, and reciprocal relationships (Alcorn and Toledo, 1998). For example, 
collective work programs are organized around milpa farming. In Mexico, maize continues to be 
the dominant crop measured in land area, with about 2.8 million maize farmers (Eakin et al., 
2014). This grain remains the staple component of Mexican diets; it provides 65% of the protein 
and 71% of the calories for Mexican farmers. 
Shade coffee. Moguel and Toledo (1999) described several types of shade coffee that take 
into account the land management intensity and the vegetation complexity: traditional rustic, 
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traditional polyculture, commercial polyculture, and shaded monoculture. In traditional 
polyculture, coffee is introduced under the cover of the original forest along with other plants of 
interest to the farmer, and native tree species are either cared for or removed. This system has 
several canopy layers formed by trees, shrubs, and herbaceous species. Such systems might 
contain over 300 different species used for food, medicine, and construction (Alcorn, 1983). In 
commercial polyculture systems, the original forest canopy is removed, and particular shade 
trees are introduced. Introduced trees provide shade and have commercial values. These include 
leguminous species, such as Inga spp.; pepper Pimenta dioica (L.) Merr.; cedar; (Cedrela 
odorata L.); and colorin (Erythrina spp.). Coffee is grown along with fruits, such as bananas, 
citrus species, mangoes, and avocado. 
Sugarcane. Sugarcane belongs to plantations fields that might be cultivated with crops, 
such as tobacco, coconut palms, bananas, citrus, pineapples, sesame seeds, chili peppers, or 
rubber, depending on market and environmental conditions (Toledo et al., 2003). These fields 
form patches of land, containing monocultures, associated with lands containing diversified 
traditional crops, such as maize or shaded coffee.  
Grasslands and annual fallows. Small parcels can contain different types of grasses and 
annual weeds used for grazing livestock during fallow periods (Toledo et al., 2003). Farm 
animals might provide meat and milk, and oxen are used for plowing. Unlike cattle ranching, 
livestock do not run freely on these lands. They are tied to ropes to control the areas they graze, 
and animals are moved twice a day. Because this system requires moving animals on a daily 
basis, it can only handle a small livestock density. 
  Fallows. Indigenous groups in Mexico recognize, use, and manage the different 
successional stages of secondary forests resulted from the abandonment of cleared forest lands 
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for production practices, such as for shifting cultivation (with long or short cultivation periods), 
small or large forestry clearings, pastures, or plantations (Brown and Lugo, 1990).  
 
Ecosystem services by traditional agroforestry systems 
Ecosystem services are all the benefits that human populations derive from ecosystems 
(Millenium Ecosystem Assessment 2003). Such benefits might be further divided into the 
categories of provisioning, regulating, supporting, and cultural services. Ecosystems services 
provided by Indigenous agroecosystems includes the provisioning of food and construction 
materials; regulating climate through carbon sequestration, supporting services such as nutrient 
cycling, and cultural services such as traditional ecological knowledge education.  
 
Carbon sequestration and soil fertility. Trees in agroforestry systems play vital functions 
such as shading crops, erosion control, and nutrient cycling. Specifically, they contribute to 
improving soil physical and chemical properties via litter inputs into soils and carbon from 
decaying roots (Albrecht and Kandji, 2003); ultimately carbon fixed by trees is sequestered in 
the soil. Hence tropical agroforestry systems have the potential for mitigating the effects of 
greenhouse gases. Agroforestry systems accumulate more carbon than monocultures with annual 
crops or pastures (Soto-Pinto et al., 2009). For instance, shaded coffee captures atmospheric CO2 
and acts as a carbon sink. Shade coffee covers large extensions in tropical humid areas, mostly in 
areas where natural forests have been displaced, thus performing an ecological role at the 
landscape level, and it has become paramount for carbon-sequestration and ecosystem services 
projects (Moguel and Toledo, 1999).   
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Biodiversity. Shaded coffee also provides food and shelter for wildlife, and it is present in 
14 of the 55 regions regarded as crucial to the conservation of biodiversity in Mexico (Moguel 
and Toledo, 1999). Floral diversity in coffee plantations might account for more than one 
hundred species, including foods, medicinal plants, ornamentals, and construction materials 
(Faminow and Rodriguez, 2001; Soto-Pinto et al., 2000). Such floral diversity includes wild and 
domestic trees that provide a source of food for wildlife. Moreover, shade coffee with a 
diversified arboreal stratum provides shelter, nests, and protection for birds and mammals 
(Gallina et al., 1996). Several studies report that bird species richness in shade-grown coffee 
plantations is equivalent or higher than natural forests (Aguilar-Ortiz, 1982; Moguel and Toledo, 
1999). Mammals found in shade coffee includes marsupials, edentate, rabbit, rodents, and 
carnivores (Gallina et al., 1996). The diversity of reptiles, amphibians, and arthropods is also 
similar to natural ecosystems (Rendón-Rojas, 1994)(Ibarra-Nuñez, 1990). 
 
Traditional ecological knowledge (TEK) in agroforestry 
Traditional land management on indigenous communities is driven by the local 
knowledge about ecosystems and agroecosystems. This system is often referred to as traditional 
ecological knowledge (TEK). TEK is defined as the cumulative body of knowledge, practice, 
and belief, evolving by adaptive processes and handed down through generations by cultural 
transmission about relationships of living beings (including humans) with one another and with 
their environment (Berkes, 2008). TEK is the foundation for sustainable land management 
systems in Mexico because through trial and error, successful management practices are adopted 
by farmers and become part of the local culture. This knowledge is passed through generations 
by oral traditions and social interactions such as, meetings and collective work. There are about 
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22 indigenous groups in the tropical regions of Mexico (Toledo et al., 2003) who, through TEK, 
have developed a diversified farming system adapted to heterogeneous landscapes. These 
practices include poly-cropping, agroforestry, home gardens, land patchiness, water harvesting, 
and biodiversity management (Altieri et al., 2015). Specific practices are locally adapted. They 
respond to socio-economic and environmental constraints, such as droughts, emigration, and 
markets. Because indigenous systems of resource use and ecosystem design have evolved over 
thousands of years to provide for human needs without relying on outside inputs, they can 
provide tools and knowledge for long-term sustainability and resource conservation (Altieri and 
Nicholls, 2017; Francaviglia et al., 2012; Martin et al., 2010; Mijatovic et al., 2013; Toledo and 
Moguel, 2012).  
 
Challenges and opportunities in traditional farming systems  
Land management by traditional farmers has been regarded as sustainable  (Diemont and 
Martin, 2009; Falkowski et al., 2015; Martin et al., 2006). However, ongoing socioeconomic and 
environmental changes threaten their functioning and continuity in a sustain manner. Among the 
most important challenges to the sustainability of traditional farming have been the North 
American Free Trade Agreement (NAFTA), climate change, and soil acidity.      
The North American Free Trade Agreement (NAFTA). The most significant social change 
in traditional farming communities occurred when Mexico entered into the NAFTA in 1994 (Fox 
and Haight, 2010). Under this agreement, the Mexican government eliminated subsidies for 
maize production and commercialization; the result was that imported maize became cheaper 
than the locally produced grain. Traditional farmers have been unable to compete with imported 
maize (Eaking, 2014) due to lower productivity of traditional cultivation methods, such as low 
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chemical inputs and use of local varieties. Farmers who formerly produced maize for the market 
lost economic viability and were forced to diversify their economic activities (Browning, 2013; 
Eakin et al., 2014). As a result, a wave of traditional farmers migrated to Mexico City and 
emigrated to the US. Remittances from emigration also brought monetization of traditional 
agricultural activity, and households in some cases become less oriented towards subsistence 
traditions and increasingly oriented towards market-oriented activities (Eaking, 2014).  
Emigration poses a challenge to the preservation of traditional ecological knowledge 
(TEK). When farmers leave, they cannot teach younger generations; similarly, when young 
people go they lost the opportunity to acquire the millenary TEK. Moreover, many of the young 
farmers that leave does not return; this also represents a loss of knowledge. However, traditional 
farming is resilient, and TEK is a source of knowledge for adaptation and diversification. For 
instance, maize cultivation under traditional systems endures, and in some cases, the land 
devoted to maize has increased. Eaking (2014) explains that maize cultivation is a livelihood 
strategy that satisfies household and cultural needs. For instance, the primary goal of maize 
under traditional systems is to meet the consumption needs of the family; it is less focused on the 
market. To face low maize prices and increasing needs for income, farmers have diversified their 
economic activities, which has included masonry work, emigration, and cultivation of more 
valuable species (Eakin, 2005; Gladstone, 2014). Non-farm commercial activities and maize 
production are complementary. Maize compensates for low wage opportunities, but off-farm 
economic inputs could subsidize maize production. In such adaptation strategies, women play 
key roles. When men emigrate or turn entirely to off-farm employment, the responsibility of 
farming and ensuring food for the household depends upon the women (Gladstone, 2014).  
 
 12 
Climate change. Climate change is projected to affect crop production due to higher 
temperatures, altered precipitation and transpiration regimes, increased frequency of extreme 
events, as well as modified weed, pest, and pathogen pressure (Lobell et al., 2011). Such effects 
are projected to be more severe in tropical and subtropical areas, including tropical mountainous 
regions (Williams et al., 2007). Farmers in tropical areas that practice rain-fed and low-input 
agriculture already face diminishing yields due to changing precipitation patterns and  disease 
outbreaks. For instance, late rain onset has caused losses in milpa cultivation and disease 
outbreaks in shaded coffee, which have led to total harvest loss in some cases. Hence climate 
change is affecting both farmer’s subsistence crops, such as maize, and farmer’s cash crop, 
coffee in this case. As a consequence, climate change is also responsible for new waves of 
emigration due to the need for external income for farming families. Coping strategies by 
farmers include increased use of drought-tolerant local varieties, water harvesting, mixed 
cropping, agroforestry, and soil conservation practices (Altieri and Nicholls, 2017; Mijatovic et 
al., 2013; Rogé et al., 2014).  
Soil acidity. Tropical soils are commonly acidic, and some of them also exhibit aluminum 
toxicity, which constrains the productivity of crops (Juo and Franzluebbers, 2003). Common soil 
types found in the tropics are Oxisols and Ultisols which comprise about two-thirds of humid 
tropical soils (Szott et al., 1991). These soils are characterized by low nutrient reserves, 
aluminum toxicity, high phosphorus fixation, high erodibility, and low CEC. Moreover, the use 
of acidifying fertilizers such as ammonium sulfate might intensify the problem (Lafitte, 1993). 
Given the chemical nature of soil acidity, remediation approaches, such as liming, have been 
used successfully to reduce soil acidity (Caires et al., 2015; Castro and Munevar, 2013; Costa et 
al., 2016). Moreover, practices that add organic matter to soils to improve physicochemical 
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characteristics, such as cation exchange capacity, are often recommended. Such practices might 
include mulching, manuring, and agroforestry (Altieri et al., 2015). 
 
The study area 
The state of Oaxaca, Mexico. The state of Oaxaca (henceforth Oaxaca) is located in 
southwestern Mexico; between coordinates 18°40'11'' to the north, and 15°39'26'' to the south, 
north latitude; and between coordinates 93°52'03'' to the east, and 98°33'10'' to the west, west 
longitude (Fig. 1.2). The state covers an area of 95, 360 km2, represents 4.8% of the total area of 
Mexico, and it is its fifth-largest state (Instituto Nacional de Estadistica y Geografia, [INEGI] 
2016a). Oaxaca is bordered by the states of Puebla and Veracruz to the north, the state of 
Chiapas to the east, the Pacific Ocean to the south, and by the state of Guerrero to the west (Fig. 
1.2). Oaxaca is one of the most mountainous states in Mexico, and it is crossed by four mountain 
ranges (sierras): The Southern Sierra, The Central American Chain, the neo-volcanic axis, and 
The Sierra of Chiapas and Guatemala. These ranges make up approximately 92% of the state 
area, whereas coastal plains of the Gulf of Mexico are 7% of the state area (INEGI, 2016a).  
Oaxaca is located in the tropical belt (Fig. 1.2), and it is crossed by three mountain 
ranges; the sierra norte, the sierra sur, and the nudo Mixteco. The main climates in Oaxaca are: 
the hot sub-humid climate with summer rains runs along the Pacific coasts, and to the east; this 
covers 47% of the state. The semi-hot sub-humid with wet summers is along the low eastern 
lands; this represents 18% of the state. The semi-cold sub-humid with summer rains represents 
16% of the state. Rainfall in the state ranges from a minimum average 430 mm to a maximum 
average of 3750 mm per year. The average winter temperature is 17° C in November, December, 
and January. From May to August, the average temperature is 22° C (INEGI 2016a).  
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Oaxaca’s main ecosystems are temperate forests that cover 38% of the state’s land 
surface, tropical evergreen forests, 13%, and tropical dry forests, 18% (INEGI 2016a). The state 
of Oaxaca has the highest natural diversity in Mexico, and it is considered a hot spot for 
conservation. Particularly the montane forests are considered centers for endemic plants, birds 
and mammals in Mexico (García-Mendoza et al. 2004; Gómez-Mendoza et al. 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Location of the State of Oaxaca, and Santiago Lalopa.   
 
Oaxaca had a total population of 3,967,889 in 2015, from which 77 % live in urban areas, 
and 23% live in rural areas (INEGI, 2016b). From the total population, 44% belong to an 
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indigenous group. With 16 indigenous groups, Oaxaca has the largest indigenous population and 
cultural diversity in Mexico. The most commonly spoken native languages are Zapotec, Mixtec, 
Mazatec, Mixe, and Chinantec. Oaxaca also has a significant African-descended population 
settled in the Pacific coast area (INEGI, 2016b; Ordóñez and Rodríguez, 2008).  
Economic activities. Service-based industries contribute to 70% of the state economy, 
and manufacturing, the next largest sector, makes up 21%. Agriculture contributes 9% to the 
state economy. Despite the reduced contribution of agriculture to the state’s GDP, this sector 
employs around 40% of the working-age population (INEGI, 2016b). The most important 
commercial crops are mangoes, coffee, lemon, tamarind, bananas, coconut, oranges, papaya, 
pineapple, watermelon, and melon. Oaxaca is the largest producer of mangoes and the third 
largest producer of coffee in Mexico (INEGI 2016b).  
The state of Oaxaca, and the states of Chiapas and Veracruz account for 70% of the 
coffee cultivated in Mexico. Approximately 165,900 hectares in Oaxaca is under shaded coffee; 
this represents about 23% of the total coffee surface in Mexico (INEGI 2016b). This land is 
distributed in 771 indigenous communities. The average size of parcels is 2 hectares. Shade 
coffee cultivation is associated with natural forests such as the mountain cloud forests, a vital 
ecosystem for its natural biodiversity, and endemic species (García-Mendoza et al., 2004).  
Maize and beans are the staples for household consumption; 65% of arable land is 
cropped with maize, and 7% is cropped with beans (INEGI 2016a). Most of maize and beans are 
cultivated with traditional methods such as poly-cropping, and rely on rainfall, instead of 
irrigation systems. Milpa cultivation has relatively low yields: 840 kg ha-1 for maize and 291 kg 
ha-1 for beans on average (Pimentel et al., 2015). These systems have sometimes been confined 
to areas with steep slopes. They have traditionally received little financial support from 
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government agencies. Indigenous communities' livelihoods rely on other natural resources 
available to them. These may include forests from where they extract products such as firewood, 
foods, and medicine (Aguilar-Støen et al., 2009). 
 
Santiago Lalopa municipality. The study area is the municipality of Santiago Lalopa 
(henceforth Lalopa). Lalopa is a Zapotec indigenous community located in the Northeast region 
of Oaxaca state centered at 17° 25´ 03´´ N and 96° 14´54´´ W (Fig. 1.2). Lalopa has an area of 25 
km2 distributed in a mountain range with elevations as low as 400 m and as high as 1800 m. The 
mean annual precipitation is 2500 mm, and the mean annual temperature is 18.6 C (INEGI 
2016a). The following soils units are found in Lalopa (INEGI 2016a) (FAO/UNESCO System): 
Humic Acrisol, Vertic Cambisol, and Lithosol (Ultisols, Inceptisols, Oxisols, USDA soil 
taxonomy). Lalopa has approximately 500 inhabitants (INEGI 2016b) who depend largely on 
household agriculture.  
 
The Zapotec indigenous agroforestry 
 In Lalopa, farmers have adapted a diverse farming system to a complex landscape 
dominated by steep slopes. On these system trees are present, either as inner components such as 
in shade coffee or as land boundaries in milpa and sugar cane. Hence, in this research, I am 
describing these different farming systems as components of a complex agroforestry system with 
a spatial and temporal arrangement (Toledo and Barrera-Bassols, 2009).  
The Lalopa agroforestry includes annual and perennial crops, fallow lands, and secondary 
forests (Fig. 1.3, 1.4). This system is implemented on an average of 4 hectares (estimated with 
field data). The climax stage is the secondary forest. Farmers could thin the forest, and introduce 
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coffee plants and turn the forest into shade coffee, or slash and burn the to establish annual crops. 
This cultivated land goes to short fallows and then is cultivated again. From annual cropping and 
fallows, the land can turn into shade coffee. For this transition, farmers plant leguminous trees 
from the Inga genus that provide shade for coffee. From long-term fallows and shade coffee the 
land can turn into secondary forest closing the cycle (Fig. 1.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 The Zapotec indigenous agroforestry with a spatial and temporal sequence. Arrows 
indicate the direction of change. Inga trees are planted to shift from annual cropping and fallows 
to shaded coffee (Illustrations from Toledo and Moguel 2012). 
 
The Zapotec agroforestry contains an area for annual crops, the milpa, an intercropping 
of maize and beans, implemented under two land preparation regimes, tillage-fallow, and 
Annual	crops 
Secondary	forest Fallow	
land 
Shade	coffee 
Inga	trees 
Inga	trees 
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swidden-fallow. Tillage-fallow is implemented on moderately (<60 degrees) sloped terrain, 
which is plowed with oxen and planted with milpa (corn and beans) in the summer-fall season. 
The same land is planted with beans in the fall-winter season. After the first year of cultivation, 
the land is left fallow for a period of two to five years. Swidden-fallow is practiced in lands 
located in steeply sloped areas (>66 degrees). After one year of milpa cultivation, the land is left 
fallow for at least two years. During the cropping season, farmers often fertilize with ammonium 
sulfate (NH4)2SO4) at 235 kg ha-1 (estimated from field data).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Land uses in Lalopa Oaxaca, Mexico, and example of the layout of an agroforestry 
system.  
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In the Zapotec agroforestry, sugarcane (SC) is managed as a perennial crop (ratoon crop). 
Under this regimen, and after two years of the initial establishment, SC is harvested annually for 
at least ten years. There are cases where SC was successfully harvested for 20 years. The harvest 
is done with a machete, and there is no burning of SC fields. When the SC yields decreases 
significantly (farmers’ judgment based on decreasing size of sugar cane stems), the farmland is 
left fallow for at least two years and then is shifted to milpa or shade coffee (Fig. 1.3). 
Shade coffee in Lalopa is a polyculture system (Toledo and Moguel, 2012). Land planted 
with coffee remains as such for at least 20 years, and records do not indicate coffee plots being 
planted with other crops. A crop succession strategy to establish a new coffee plot is to plant 
shading trees, mostly Inga spp. within lands where milpa or sugar cane exhibits declining yields 
(Fig. 1.3). 
 
Research goal and objectives 
I am from a Zapotec indigenous community that practices traditional farming. I studied 
agronomy, and as a professional, I engaged in agricultural extension projects, so I am committed 
to rural development. I drew from my previous experiences and from literature review to set the 
goals for this research project. The overall goal of this research was to describe the Zapotec 
farming as an agroforestry system with a temporal and spatial arrangement designed to sustain 
soil fertility and productivity of crops, and to propose areas of intervention to enhance these 
processes.  
My interest in studying traditional farming is informed by previous studies focusing on 
the significant role of indigenous land management for ecosystem services, nutrient cycling, and 
carbon sequestration, and as a source of knowledge and practices to adapt to climate change 
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(Altieri and Nicholls, 2017; Rogé et al., 2014; Toledo and Moguel, 2012). Given that 
management practices and their related knowledge are local, and context-dependent, I wanted to 
describe and analyze the Zapotec indigenous agroforestry in Oaxaca Mexico in terms of the 
sustainability of the traditional ecological knowledge (TEK-education, using emergy analysis), 
and ecosystem services such as carbon sequestration and soil fertility. I wanted to produce local 
references for sustainable land management and carbon sequestration under traditionally 
managed ecosystems. I am striving to address problems in traditional milpa cropping and that 
people from my village and elsewhere face, such as soil acidity, and low productivity, using 
locally available materials.  
 
 
SYNOPSIS AND SIGNIFICANCE OF CHAPTERS  
Each chapter has been prepared as a manuscript for publication.  
 
CHAPTER 2  How valuable could traditional ecological knowledge education be for a resource-
limited future?: an emergy evaluation in a Zapotec village in Oaxaca Mexico. A version of this 
chapter is already published as Falkowski, Martinez-Bautista and Diemont (2015). 
 
In this chapter, I used emergy analysis to evaluate the environmental sustainability of the 
Zapotec traditional ecological knowledge education system (TEK-education), specifically about 
the renewable and nonrenewable inputs supporting this knowledge system. Emergy standardizes 
natural and economic inputs to solar emjoules which allows for a holistic evaluation of systems. I 
evaluated the emergy in the creation, maintenance, and transfer of traditional ecological 
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knowledge (TEK-education), as well as the biophysical and cultural resources that support this 
knowledge system. I found that TEK transformities (6.54E06 sej/J) are similar to past qualitative 
estimates. TEK-education will result in minimal impact to the environment (i.e., environmental 
loading ratio) relative to Western education, which has comparable transformities, due to 
reliance on renewable local ecosystem inputs rather than fossil fuels and physical infrastructure.  
Interviewees stressed the importance of inter-generational ties, the local forest, and community 
in their education. This research highlights the importance for sustainability of both preserving 
knowledge transfer systems resulting in TEK and in developing hands-on educational systems 
that rely on the natural world as the primary classroom.  
 
CHAPTER 3. Soil fertility and carbon sequestration in the Zapotec agroforestry of 
Oaxaca, Mexico. 
 
Soil fertility and carbon sequestration in Zapotec agroforestry had been little explored. I 
studied relationships among land use and indicators of soil quality: organic carbon (SOC), total 
nitrogen (TN), cation exchange capacity (CEC), base cations (K, Ca, Mg, Na), percent base 
saturation (PBS), phosphorus (P), and stratification ratios (SR). Soil samples were taken in each 
land use area: coffee, milpa, sugar cane, swidden fallow, tillage fallow, and secondary forest. 
The highest concentrations for SOC and TN were detected in the forest and the lowest in 
sugarcane areas. Stratification ratios SR>2 for SOC and TN, were found in forest, coffee, and 
sugar cane. These results point out areas of intervention, in land uses with low soil fertility, for 
carbon sequestration and soil improvement.  
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CHAPTER 4. Carbon stocks in aboveground biomass and litterfall from Inga species in shaded 
coffee. 
In this chapter, I focused on the role of Inga spp., leguminous tree species, in Lalopa 
agroforestry system as an ecological driver and as means for soil restoration. Farmers are using 
Inga to shift from land uses under annual or continuous cropping such as milpa and sugarcane to 
shaded coffee (See chapter 3). In this process, they are contributing to carbon sequestration and 
soil restoration. Shade coffee in the community can grow for 40 or more years. Hence, in these 
coffee systems carbon have longer residence times compared to more intensively-managed shade 
coffee farms; and they are sequestering more carbon in the aboveground biomass than previously 
reported in the region.  Agroforestry is also considered a strategy to address climate change 
under the UN-REDD+ program. Base in a case study of the Zapotec agroforestry in Lalopa, this 
chapter aims to contribute to generating local references for land management and carbon 
sequestration under traditionally-managed ecosystems.  
 
CHAPTER 5.  Improving milpa yields and soil fertility with Inga vera Willd. mulch derived 
from shade coffee: building new links in Zapotec agroforestry  
Soil acidity is a concern in the tropical mountain environment in Lalopa. Soil acidity 
might be causing low cation exchange capacity and low phosphorus availability, which in turn 
negatively affects productivity in traditional milpa. Conventional approaches to improve crops 
productivity, with improved seeds and fertilizers, might not be applicable in these low inputs 
systems. Hence, in this chapter, I evaluated the effect of mulching with leaves from the 
leguminous tree species Inga vera Willd., and the application of organic fertilizer Bio-orgamin 
on soil physicochemical properties (pH, exchangeable cations and available phosphorus) and 
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yields in traditional milpa. The aim is to develop ecologically sound options to improve soil 
fertility and milpa yields.  
 
CHAPTER 6. Autoethnography: Studying within my community  
 In this chapter on the autoethnographic approach, I tell my story and the stories of people 
with whom I worked while conducting the research. I used narrative, poems, and pictures to 
describe how my academic and professional experiences shaped my decision to study traditional 
Zapotec farming. I reflected on the duality of my position in the field because I am both an 
insider and an outsider. I illustrated the struggles in traditional agriculture and conveyed lessons I 
learned while researching. I included a section on the challenges and opportunities in studying 
one’s own culture.  
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CHAPTER 2. HOW VALUABLE COULD TRADITIONAL ECOLOGICAL 
KNOWLEDGE BE FOR A RESOURCE-LIMITED FUTURE? AN EMERGY 
EVALUATION IN A ZAPOTEC VILLAGE IN OAXACA MEXICO  
 
Abstract 
Emergy analysis is an important evaluative tool that can be used to understand the 
sustainability of ecological systems. This methodology normalizes natural and economic inputs 
to permit a more holistic evaluation of systems. Emergy transformity values of traditional 
ecological knowledge (TEK) is commonly not included in analyses of traditionally-designed 
ecosystems. Instead, non-TEK transformity values of education are used, or evaluation has 
tended toward a qualitative valuation of TEK. My research evaluated the emergy in the creation, 
maintenance, and transfer of TEK at the individual and community levels, as well as the 
biophysical and cultural resources that support this knowledge system. This evaluation took 
place in the Zapotec Village of Lalopa, Mexico. Interviewees stressed the importance of 
intergenerational ties, the local forest, and community in their education. I found that TEK-
education transformities (6.54E06 sej/J) are similar to past qualitative estimates. TEK labor will 
result in minimal impact to the environment (i.e., environmental loading ratio) relative to 
Western education, which has comparable transformities, due to reliance on renewable local 
ecosystem inputs rather than fossil fuels and physical infrastructure. This research highlights the 
importance of preserving TEK-education and the natural resources supporting it, and in 
developing hands-on educational systems that rely upon the natural world as the primary 
classroom.  
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Introduction  
 
Traditional ecological knowledge. Traditional ecological knowledge, or TEK, can be 
defined as a cumulative body of knowledge, practices and beliefs about the relationships among 
living things (including humans), the physical environment, and a society’s culture. TEK adapts 
to changing environmental and social conditions. It is transmitted from generation to generation 
through direct instruction, observation of the environment, and participation in labor and 
community events (Berkes, 2008). Berkes and Turner (2006) and Turner and Berkes 2006) 
discussed several stages of developing and transferring TEK. First, through observing and 
monitoring the local environment, indigenous individuals and communities gradually learn about 
ecosystem function and structure. This understanding allows for trial and error experimentation, 
which in turn leads to a set of land and resource management practices. This knowledge base is 
not static, but continuously evolves based on changing environmental conditions and information 
obtained from other individuals within and outside the community. Such evolution also requires 
the development of social institutions and customs, like community meetings and children 
working in the fields with their parents, which allows for the transfer of information from 
individual to individual. The knowledge can be included in stories and religious practices, 
leading to further development of belief systems and culture. TEK is passed from generation to 
generation through cultural and social constructs and has been sustained over hundreds, if not 
thousands of years (Berkes, 2008; Nations and Nigh, 1980). This, in turn, feeds back to inform 
and maintain the society’s ecological management systems (Berkes and Turner, 2006; Turner 
and Berkes, 2006). Indigenous knowledge systems are thus inextricably connected with their 
local culture, community, and environment (Berkes, 2008). These nested levels of understanding 
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contribute to the knowledge–practice–belief complex that has been used to describe TEK 
(Berkes, 2008). 
 
TEK in Zapotec agroforestry. Gonzalez (2001) ethnographic research documented the 
traditional ecological knowledge driving the Zapotec farming systems. This study includes a 
detailed description of the knowledge about plants, tools, processes, and social institutions to 
implement Zapotec farming. The research also provides names of plants, tools, and processes in 
both languages Spanish and the local indigenous Zapotec language. Hence, although local people 
do not use the label TEK, the knowledge described in this ethnography is congruent with the 
characteristics of TEK. In my research, the interview protocols focused on obtaining information 
of the resource inputs that sustain TEK, including land holdings, tools, processes of learning 
TEK. This includes, time spent in gatherings, meetings, workshops, and time spent in the fields 
learning TEK. However, my protocol for informal interviewing allowed interviewees to provide 
a wide range of information congruent with TEK. One example is knowledge about growing 
patterns of local plants “when slashing shrubs”. “It is important to leave 20 cm above the ground 
which will allow an easy recovery of the vegetation” (Interview 1). Farmers were also able to 
identify cycles in the rainy season and to adjust the planting of crops. “If the last two years the 
rain came late, this year we are expecting it to come earlier” (Interview 2). “If there is a lot of 
rain in February and March we say the rain came early, so we wait to plant (in June), if it does 
not rain on February and March, we can plant earlier (in April)” (Interview 3). Farmers also 
acknowledged the vital role of social institutions in their TEK learning, by interacting and 
working in the field with peers, through meetings and gatherings. In the methods section of this 
chapter, I describe how this TEK is learned in Lalopa. 
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    Emergy evaluation. Emergy is the available embodied energy that is expended during 
transformations that directly and indirectly contribute to a system. The unit of emergy is the solar 
emjoule. Natural systems and the production of goods and services, including education, can be 
analyzed and compared through the lens of emergy evaluation because all types of embodied 
energies, be they natural energy sources, ecological services, or human produced goods and 
services, can be quantified using a common unit (Odum, 1996). This also allows emergy 
evaluations to serve as an evaluative tool to understand the sustainability of human designed and 
naturally self-organizing systems (Brown and Ulgiati, 1999; Martin et al., 2006; Odum, 1996). 
This is of particular importance to indigenous agroecosystems, which rely heavily on natural 
inputs and ecosystem processes. Emergy is calculated by multiplying units of energy, time, or 
money by a transformity value, which is a ratio of emergy inputs per units of available energy 
output of the good or service being analyzed  (Brown and Ulgiati, 2004; Odum, 1996). 
Transformity values are indicators of energy quality. As more energy is input into a system, the 
solar transformity increases (Odum, 1996; Odum and Pinkerton, 1955; Ulgiati and Brown, 
1998). Emergy analyses for traditionally-engineered systems have been conducted (Diemont et 
al., 2005), but the only input representing the indigenous people themselves is labor. TEK is 
often ignored in such analyses. In analyses for which labor based upon TEK is considered, it is 
estimated qualitatively and does not have basis in quantitative data-based calculations (Alfaro-
Arguello et al., 2010; Campbell and Lu, 2014; Diemont et al., 2006). The transformity of labor is 
generally a function of the caloric energy expended by workers, the per capita emergy supporting 
individuals in a given area, and the educational level attained by workers (Bergquist et al., 2011). 
As a result, historically, emergy analyses consider the labor inputs to traditionally-engineered 
systems to be similar to those of uneducated laborers who have had little or no formal education 
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(Alfaro-Arguello et al., 2010; Diemont et al., 2005; Odum, 1996). However, individuals who 
learned TEK apply a wide range of specialized information and are therefore not uneducated. 
Although they may lack formal Western education, they have learned complex ecological design 
that has been passed along over generations through direct experience, trial and error, and social 
convention (Toledo and Barrera-Bassols, 2009b). Odum (1996) may have noticed the difficulty 
of estimating labor emergy inputs to TEK systems when he suggested that the energy expended 
in a task, the person’s education, and their experience should be considered when quantifying the 
emergy of labor (Campbell and Lu, 2014).  
Quantitative estimates of TEK-based labor transformities are rare (Campbell and Lu, 
2014), as only one analysis has attempted to calculate emergy of TEK needed to cultivate a 
traditional agriculture system. This was done by estimating the amount of kilobytes of data 
needed to store the information applied in the agroecosystem, and then converting these values to 
solar emjoules (Bergquist et al., 2011). However, this method did not take into account 
information provided by the indigenous people themselves. Emergy analyses of conventional 
Western educational systems have included the labor that was required to teach pupils, the labor 
needed to construct the classroom infrastructure, as well as the materials needed for the 
infrastructure itself (Abel, 2010; Almeida et al., 2013). The educational system for transferring 
TEK is similar in that it requires teaching time, as well as labor and resources to construct the 
classroom infrastructure. In the case of TEK education, rather than the classroom being a 
building, the classroom is the local forest and farmlands. Likewise, aside from the time spent  
learning through direct instruction, indigenous people also acquire TEK through direct 
experience and observation of their local environment (Berkes, 2008; Berkes and Turner, 2006; 
Turner and Berkes, 2006; White, 2006). My research evaluated the emergy in the creation, 
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maintenance, and transfer of TEK at the individual and community level in the Zapotec 
community of Lalopa Oaxaca, Mexico, as well as the biophysical resources that support this 
knowledge system, in order to improve our understanding of TEK-education and more 
accurately value the transformity of TEK-education labor. I think that conventional estimates of 
TEK may have undervalued the potential contribution of TEK and that both emergy yield values 
of traditional ecological knowledge and transformities of TEK will be higher than past 
appraisals. I also expected that the observed TEK-education would be highly sustainable as 
quantified by the Emergy Sustainability Index (ESI) due its low use of non-renewable and 
purchased inputs. Finally, I hypothesized that both the annual emergy yield and ESI of TEK of 
individuals will be correlated positively with the individuals’ age because of potential disruption 
of TEK transfer from older to younger generations in many indigenous communities as described 
by  (Chapin, 1991; Johannes, 1978; Ruddle et al., 1992). 
Materials and methods  
Data collection. Emergy evaluation of TEK-education, about the resources that support 
this knowledge system, including renewable , nonrenewable and purchased resources,  were 
conducted based on interviews with 10 Zapotec farmers in Lalopa, Oaxaca, Mexico (17◦ 25ʹ 08ʹʹ 
N, 96◦ 14ʹ 41ʹʹ W, 1200 m above sea level) in May of 2013. Interviews were conducted with 
willing participants who were introduced by a community member and were distributed 
throughout the communities. Agroforestry and milpa (field) plots of individuals interviewed 
were independently managed and each individuals’ educations were independent (each 
individual was taught by a unique set of community members). However, it was not possible to 
select interviewees at complete random due to the necessity of long-term relationship building to 
work with community members. Furthermore, highly-related familial lines and other 
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interpersonal relationships between community members made it impossible to ensure that 
interviewees were truly independent of one another. The interviews were semi-directed, wherein 
community members were guided in discussion through several pointed questions, but were 
allowed to answer in their own manner and continue to other topics of discussion as they wished. 
This interview method allowed for the accumulation of the necessary information for the emergy 
evaluation, but also allowed for gaining new insights into how they view their education system 
and TEK (Huntington, 1998).  
Biophysical data (Appendices A), including rain, sun, wind, and soil inputs, were 
calculated based on the area of land managed by interviewees. The interviewees were asked 
about the land area planted with crops and areas still containing forest, both at the time of 
childhood and at the time of the interview. The size of the land holdings  informed calculations 
of physical inputs from the environment. Other interview questions were developed to determine 
the milestones in each individual’s education and the amount of time spent learning, working, 
teaching others, and attending community meetings or workshops at these milestones. Several 
questions aimed to determine the amount of money obtained through government support for 
agriculture and that spent on tools; land; and transport of agricultural products, pesticides, and 
herbicides. Finally, a series of questions was asked to determine demographic information, 
including gender, age, and birthplace. An open response period after the interview allowed the 
interviewee to speak freely about changes in the environment and community, and how 
traditional farming systems are adapting to these shifts. Interviews were recorded in the local 
Zapotec language and then translated into English.  
 
 
 31 
Study area. The Zapotec civilization appears to have had its earliest beginnings around 
1500 B.C. The earliest vestiges of Zapotec people in the region of Lalopa in Northern Oaxaca 
has been traced back to around the time of Spanish conquest (circa 1500 A.D.) (Whitecotton, 
1977). Zapotec farmers utilize a diverse land management system that includes several crops and 
conservation areas between agricultural plots. Farmlands contain plots of milpa, shrubby pasture, 
perennially-managed sugar cane (more than ten years of harvest), shaded coffee, and fallow 
forest (Chapter I). Children start learning TEK about agroforestry around the age of 10. They 
learn to identify products from the forest, including medicinal plants, construction materials, and 
foods. They also acquire basic knowledge about crop cultivation during this time. This TEK 
acquisition takes place while children help the family with tasks such as collecting firewood, 
gathering medicinal plants and foods, and while they perform farming activities such as seeding, 
weeding, and harvesting for short periods of time. They gain most of their knowledge about 
farming from their parents and other adults, during this period. They started performing typical 
adult work independently between the age of 17 and 20 for 8 h a day. They generally work every 
day of the week except Sunday. Farmers typically decrease the size of their farms as they get 
older and are unable to complete physically taxing labor; this may occur after at least 60 years of 
age. Community meetings and workshops are also an important component of TEK acquisition 
during adulthood. Farmers acquire a variety of types of knowledge regarding agricultural 
practices, including the production and use of organic fertilizer and fair trade coffee production 
during meetings and workshops. This knowledge usually comes from instructors outside of the 
community, but eventually becomes a component of the local TEK. Even casual conversations 
represent an important contribution to TEK, as they often include discussions regarding land 
preparation, crop varieties, and weather patterns.  
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Emergy calculation. A system diagram was used to illustrate the forcing functions of the 
TEK Zapotec educational systems (Fig. 2.1). Environmental forcing functions like wind, sun, 
eroded soil, and rain were included because TEK education requires the local forest and milpa to 
serve as “classroom infra- structure.” The emergy of these inputs are functions of the land area 
and land cover used by individuals, including milpa, secondary, and primary forest, for 
subsistence and biophysical and climatic parameters for the locations of each community as per 
Diemont et al. (2005) and (Martin et al., 2006).  
 
Figure 2.1 Systems diagram of the Zapotec agroforestry TEK-education is represented as a 
storage linked to farming families. Inputs that support this knowledge system includes 
renewable, nonrenewable and purchased resources. Agroforest lands are represented as the 
biophysical infrastructure of TEK-education.   
Several stages of the system, namely the milpa, also required maintenance. Maintenance 
performed over a lifetime allows for experiential learning of adaptive management in response to 
various environmental conditions and helps maintain the infrastructure (agroforests) needed to 
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teach the next generation and perpetuate TEK. Two further inputs considered were measures of 
the time learning TEK as a student and attending community meetings throughout the life of an 
individual. I set major lifetime events as their beginning to work in the milpa, beginning to work 
independently, and death to simplify the analysis. In this way, I calculate the emergy TEK-
education accumulated over a lifetime for individuals. Interviewees recalled the ages when they 
began to work in the milpa and when they began to work independently and estimated the 
amount of time spent in the field and forest during each of these time periods. Guided education 
inputs were quantified as the total amount of time an individual spent working in the field and 
forest with parents before independence. The experiential learning input was considered to be all 
work performed after they were independent from their parents to maintain their agricultural 
plots and learn adaptive management techniques. Lifetime experiential learning inputs were 
calculated by assuming that the work performed annually in the agroforestry and milpa plots was 
constant from the age of independence to the average life expectancy for the community. This 
was done to standardize experiential learning inputs so that younger individuals would not have 
less experiential learning inputs simply due to their age (see discussion). Finally, the value of 
individuals’ land and cost of tools were quantified based on interview responses (Table 2.1). 
Data from interviews, included the size of land holdings, time leaning TEK; by spending 
time in the fields, in meetings and gatherings, per each interviewee, were organized in excel. The 
raw data for the inputs to the system obtained from interviews were multiplied by transformity 
values to calculate the emergy for each interviewee. For example, the average annual rainfall in 
the region is 2300 mm, in four hectares, during 74 years (average lifespan), this rainfall provides 
3.390e+13 j (joules). This energy value multiplied by the transformity of rainfall (1.82e+04 sej/j 
Odum, 1996) give us 6.17057e+17 sej/life, which is the transformity of rain that supports the 
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TEK-education system taking into account the average lifespan in Oaxaca. Detailed calculations 
and transformity values of resource inputs into TEK-education are included in Appendix A. 
Table 2.1 Emergy analysis of TEK-based labor individual in Lalopa, Oaxaca, Mexico. 
Lifespan is the average lifespan of an individual from Oaxaca  
Note Item Units Value 
(unit/life) 
Transformity 
(sej/unit) 
Solar Emergy 
(sej/life) 
 RENEWABLE RESOURCES 
    1 1. Sunlight J 1.64E+16 1.00E+00 1.70E+16 
2 2. Rain - chemical J 3.27E+13 1.82E+04 6.17E+17 
3 3. NPP J 9.26E+13 1.29E+04 8.43E+18 
4 4. Seeds J 6.74E+07 3.64E+05 2.55E+13 
5 5. Labor  h 1.24E+05 6.99E+12 8.71E+17 
6 6. Education h 1.57E+04 6.99E+12 1.10E+17 
7 7. Wind  J 1.01E+12 1.50E+03 1.52E+15 
8 8. Community meetings h 1.59E+03 6.99E+12 1.11E+16 
 Total renewable 
   
9.42E+18 
 NON-RENEWABLE 
RESOURCES 
    9 9. Eroded Soil J 7.03E+11 6.25E+04 4.39E+16 
 Total non-renewable 
   
4.39E+16 
 PURCHASED RESOURCES 
    10 10. Labor  h 3.72E+04 6.99E+12 2.60E+17 
11 11. Land $ 1.68E+04 1.88E+12 3.16E+16 
12 12. Tools $ 1.44E+03 1.88E+12 2.71E+15 
13 13. Education  h 4.70E+03 6.99E+12 3.29E+16 
14 14. Community meetings h 4.77E+02 6.99E+12 3.33E+15 
 Total purchased 
   
3.31E+17 
   
 
All transformities obtained from studies which reported the planetary baseline were 
calculated relative to the 9.44E24 sej y−1 planetary baseline (Odum, 1996). Transformity values 
were selected so they reflected the region of Oaxaca, or tropical rainforests in general if values 
specific to the geographic area of each community could not be found. The emergy of TEK-
education was extrapolated for an individual’s lifetime to determine the emergy of life-long 
learning and to allow values to be directly comparable between differently-aged individuals. The 
average lifespan for Oaxaca (74.0 years) (Flores et al., 2013) was used to calculate the emergy 
TEK-education accumulated over a lifetime for individuals, for the purposes of analysis. Inputs 
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were then categorized as renewable (R), non-renewable (N), or purchased (F) as in Ulgiati and 
Brown (1998). Experiential learning and guided education inputs were divided into non-
renewable and renewable components, 23 and 77%, respectively, based on the methodologies 
established by Panzieri, Marchettini, and Bastianoni (2002) and (Diemont et al., 2006). The 
percentages used are based on those calculated by Guillen-Trujillo and Brown (1998) for 
agricultural systems in Corozal, Chiapas, Mexico.  
Once emergy values for the various forcing functions were determined, a number of 
indices were calculated for each system. Yield (Y) is the sum of total emergies of each of the 
aforementioned categories (Y = N + R + F) Ulgiati and Brown (1998). Only the highest emergy 
value for a renewable input from the physical environment was used in the total emergy yield 
calculations as per Odum (1996) to avoid double-counting inputs and artificially inflating the 
quantity of renewable emergy inputs. The yield of TEK transfer and maintenance systems were 
calculated for each individual based on their property size over both an individual’s lifetime and 
the course of a year, the latter of which was determined so that yield values of individuals with 
different life expectancies were comparable by dividing an individual’s lifetime emergy yield by 
their life expectancy as per Odum (1996).  
The emergy yield ratio (EYR) is the total emergy yield per unit of emergy invested in the 
system (EYR=Y/F) (Ulgiati and Brown, 1998). The environmental loading ratio (ELR) is a 
measure of the total non-renewable and imported purchased emergy per unit of local renewable 
resources used (ELR=[N+F]/R). The higher the value of the ELR, the larger the percentage of 
non- renewable and purchased resource use is in relation to that of renewable resources. The 
fraction renewable is a calculation of how much of the total inputs of the system are renewable 
(Fraction Renewable = R/Y). Finally, the emergy sustainability index (ESI) is considered an 
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overall measure of the system sustainability. It calculates the emergy yield per unit of 
environmental loading (ESI = EYR/ELR). If the system uses a high percentage of non-renewable 
and purchased energy, its loading rate will be proportionately higher, decreasing its ESI. In 
general, ESI values greater than one are considered to be indicators of sustainable systems, while 
those with ESI below one are unsustainable given their current inputs (Brown and Ulgiati, 1999). 
Values were calculated for each individual and then averaged for the community. The 
transformity of TEK-education was calculated by dividing the annual emergy yield by the human 
metabolism as per Odum (1996) (Transformity = R/[(2500 kcal day−1 )(365 days year−1)(4186 J 
kcal−1 )]).  
Statistical analysis. To compare the emergy metrics of Zapotec TEK-education with 
other education systems, I computed means and standard errors of emergy sustainability indexes 
(ESI), and transformity values, based on those computed for each interviewee. To detect 
significant differences in ESI and transformity values among interviewees I used Minitab version 
16 (Minitab Inc., State College, PA, USA). Finally, linear regression was used to test both the 
relationship between age of interviewees and annual emergy yield and ESI and the relationship 
between land area owned by individuals and their annual emergy yield and ESI (Diemont et al., 
2005). An alpha level of 0.05 was used to determine statistical significance. 
Results  
Emergy evaluation. Past qualitative evaluations of TEK are at the same order of 
magnitude as the transformity and annual emergy yield of the Zapotec TEK-education (Table 
2.2, Fig. 2.2). However, I established that renewable (R) inputs constitute the major source of 
emergy involved in the development and maintenance of systems that rely upon and contribute to 
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TEK-education. On average, 83% of the total emergy required for TEK-education come from 
renewable sources in the systems studied. The primary renewable inputs for the TEK-education 
of all individuals managing traditional agroforestry systems are natural inputs from the physical 
environment, led by net primary productivity, followed by the experiential learning necessary to 
maintain the agroforestry structure and function and learn adaptive management in response to 
environmental stochasticity. 
Although TEK transfer systems do not result in high labor transformities, the high input 
of renewable resources to systems that rely upon and contribute to TEK-education studied 
resulted in a high percentage of renewable resource use and a low ELR. This, coupled with the 
high annual yields associated with TEK-education, resulted in high ESI values for individuals 
(Table 2.2).  The mean transformity value for TEK-based labor performed by individuals from 
Lalopa was 6.54E06 sej/J (Table 2.2). 
Table 2.2 Mean values of emergy metrics + standard error of TEK-based labor of 
individuals from Lalopa. 
Community Annual Emergy 
Yield (sej) 
Emergy 
Yield Ratio 
Environmental 
Loading Ratio 
Fraction 
Renewable 
Transformity 
(sej/J) 
Emergy 
Sustainability 
Index 
Lalopa 2.50E16±1.24E15 6.60±0.37 0.21±0.37 0.83±0.01 6.54E6±3.24E5 33.24±4.39 
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Figure 2.2 Comparison of labor transformities resulting from different levels of conventional 
Western education and TEK-education in Lalopa (overall all individuals interviewed). Note that 
y-axis values are log-scale. Lacanja is an indigenous Mayan community that is part of a parallel 
study published in Falkowski, Martinez-Bautista and Diemont (2015).  
 
Regressions of the TEK-based labor transformities and ESI values were positively 
correlated with the land area managed by an individual (Table 2.3). Regressions revealed no 
significant relationship between age of an individual and their TEK-education transformity or 
ESI.  
Table 2.3 Regression between land area (ha) owned by individuals and the labor 
transformities (sej/J) and ESI calculated based on TEK education.   
Community Metric Regression equation p-value R2 
Lalopa ESI ESI=2.14+7.82 (Area) <0.001 0.805 
Labor transformity Transformity=4.68E6+4.68E5 (Area) 0.015 0.485 
Interviews. Although no statistically significant difference was detected in the TEK-
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education emergy yield or transformities between younger and older individuals (data no 
shown), several interviewees noted societal changes that may lead to more pronounced 
differences. Older interviewees cited young people disrespecting elders and abandoning 
traditional ways due to intrusion of global popular culture. For example, when young people 
spent time in and returned from large cities, they did not listen to or spend time learning from 
community elders. According to elders, this resulted in young farmers making poor farming 
decisions, like burning fields or planting crops at inappropriate times. These decisions could 
have been avoided or rectified had they made their decisions as informed by TEK as taught by 
the community elders. Likewise, socio-economic changes like the diversification of labor outside 
of farming, such as masonry and auto repair, have increased the reliance of local people on 
outside supplies of food—most notably corn and beans, which they would customarily grow 
themselves. All this lead to the abandonment of traditional farming and the abandonment of 
TEK-education. Young people do not spent time learning TEK, and when people leave TEK is 
also lost. However, TEK has proven to be resilient because when young people return they need 
to find guidance to learn TEK, they find this guidance in friends and family relatives. This type 
of resilience will exist as long as there are people practicing farming systems; however, as the 
emigration progress and new economic activities are taking preponderance, TEK-education 
sustained by the community is at peril.  
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Discussion 
Emergy analysis. The mean TEK-based labor transformity for individuals from Lalopa 
is at the same order of magnitude as uneducated laborers having only a preschool education as 
estimated by Odum (1988). The 95% confidence interval includes the value Odum (1988) 
estimated for individuals with only a preschool education. This result does not confirm our initial 
expectations, but it is not altogether surprising. Calculations of educated/skilled labor 
transformities by Odum (1988) assume that education in the United States depends heavily on 
high quality inputs to construct and maintain physical infrastructure and technology, as opposed 
to the less concentrated energy, low emergy natural inputs required to transfer and maintain TEK 
in indigenous communities. These TEK values are largely dependent upon renewable resources, 
in particular net primary productivity inputs, which resulted in TEK-based labor inputs having a 
low environmental loading ratio and high emergy sustainability index. As such, TEK learning 
will have higher ESI values than labor based upon Western education systems, which are largely 
reliant upon purchased and non-renewable resources (Abel, 2010; Almeida et al., 2013). No 
statistically significant correlation between an individual’s age and their TEK-based labor 
transformity or ESI could be detected, largely because inputs from the natural environment, 
which are primarily a function of land area, were the dominant forcing function. This result 
could also be a function of the left skewed sampling distribution or the possibility that not 
enough time has passed since major changes in community structure and the environment, for 
instance since farmers started observing changing climate patterns.  
Regressions between land area owned and the TEK-based labor transformity of 
individuals indicated that TEK-based labor transformities are closely linked to the area of land 
owned. This result is largely due to the fact that larger land holdings had more renewable 
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physical inputs from the natural environment (e.g. rain, sun, etc.). The large amounts of natural 
physical inputs also contribute to the high renewable resource use percentage and low ELR of 
TEK education (Martin et al., 2006). 
Regressions between the land area owned and the ESI of TEK education indicate a 
positive relationship. Individuals owning large land areas have a comparatively high amount of 
nonrenewable inputs (erosion) than individuals with less land. However, they also have a higher 
amount of renewable inputs (NPP) relative to those individuals with less land. Because the 
quantity of renewable inputs is so much higher in individuals with large land areas, their 
contribution to the total emergy yield is far greater than that of non-renewables. Thus, the TEK 
education of individuals with large land holdings will have a higher ESI than those who have less 
land. This result corroborates the conclusions of Alfaro-Arguello et al. (2010), who calculated 
that ESI of cattle ranching operations in Chiapas were strongly related to ranch area and Diemont 
et al. (2006), who found that land area and ESI were positively related in the Lacandon system.  
Assumptions and considerations for future work  
Several assumptions were made to simplify the emergy evaluation. Individuals were not 
necessarily learning for the whole of the time they spent with their parents. Interviewees 
indicated that the percentage of time spent being taught would decrease over time as they learned 
more about the function of and labor required by the milpa. It was difficult to quantify such 
changes. Therefore, similar to Campbell and Lu (2014) calculation of the emergy of Western 
education, which incorporated both the emergy of teaching and learning, I assumed that the time 
an individual spent working with their parents or elder mentor was fully spent learning. I 
assumed that during the time in which they worked independently, they were no longer being 
taught directly, and learned only experientially as a result of their labor. This is not necessarily 
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accurate, as they were contributing inputs in the form of labor some of the time during their 
childhood work and adults working independently continued to learn from others as 
environmental conditions changed in the long and short term. Regardless, the amount of work 
time spent laboring and the time spent learning are complementary and therefore such a distinct 
division would not change the result of the analysis; only simplify it. It should also be noted that 
repetitive practice is an element of learning (Ausubel et al., 1978; Novak, 1991; Pintoi and Zeitz, 
1997). The inclusion of experiential learning as a forcing function of TEK education and using 
the emergy analysis of these systems to calculate the transformities of labor in these same TEK-
based agroforestry systems could lead to double counting of labor. This should not be a large 
issue in this evaluation, as net primary productivity is the primary renewable forcing function 
driving the system and the analysis, whereas renewable experiential learning plays a secondary 
role. That being said, experience performing work tasks should be considered in determining 
labor transformities. Labor is indispensible to maintain agroforestry systems which are necessary 
for the direct instruction of future generations. This will lead to an increase in the embodied 
energy of TEK-education. This is not necessarily surprising as TEK is adaptive and constantly 
responds to changing environmental conditions, as well as drawing upon the knowledge of 
previous generations. Thus, just as the amount of information individuals have to potentially 
apply to their work increases throughout their lives, so does the emergy of their knowledge and 
the transformity of their labor (Campbell and Lu, 2014). It is uncertain whether all labor done by 
an individual should have the same emergy. Unskilled labor performed by educated individuals 
is not a function of their education level (Bergquist et al., 2011). One must be careful before 
assuming that all manual labor is independent of education, however, as the knowledge of when 
and why to implement the manual labor factors into its actual completion. The ability to manage 
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ecosystems is more nuanced than the merely having the ability to follow directions or mimic past 
actions. It requires a detailed understanding of natural system processes and cycling in order to 
respond to environmental stochasticity. In general, emergy of labor is conditional, dependent on 
the type and occasion of the labor. 
The TEK-education transformities quantified here are those of elders, as calculations of 
emergy yield were done per the average lifespan of an individual to allow for comparison 
between unequally aged individuals. This should not be a major issue in future emergy analyses 
of traditional management systems because most learning of TEK occurs before independence. 
Non-elders applying TEK will likely have a similar amount of TEK, so long as they are 
independent adults. This is further supported by the fact that our regressions indicated no 
correlation between the age and labor transformity of an individual. I also assumed that annual 
net primary productivity was the same over the total area of land owned by an individual (that of 
a tropical forest system). No distinction was made between the areas occupied by specific land 
cover types (shrub to advanced forest) (see Diemont and Martin (2009), which would in reality 
have different rates of carbon sequestration, and likely led to a slight overestimate of NPP. 
 
Implications  
The calculation of the TEK-education transformities allows for more accurate emergy 
assessments of traditional management as an improvement for environmental accounting. In so 
doing, it further demonstrates the importance of conserving indigenous cultures. Diemont et al. 
(2006) demonstrated the sustainability of the Lacandon agroforestry system, even without the 
inclusion of TEK as a forcing function. Accounting for TEK in this analysis would increase the 
ESI and emergy yield of this and other indigenous agro- forestry systems, thus lending further 
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support for the mounting body of evidence quantifiably demonstrating their sustainability 
(Diemont et al., 2006; Verchot et al., 2007). The application of TEK on a wider scale can be an 
important component of ecological engineering in an energy and resource-limited future as fossil 
fuel resources continue to diminish because it depends primarily on renewable inputs (Höök et 
al., 2010; Martin et al., 2006; Nehring, 2009). TEK-education transformities will likely need to 
be calculated for individual indigenous communities and systems studied.  
The high sustainability ratio of TEK education systems and moderate transformity may 
have potential implications for Western education systems. TEK education systems are highly 
based on direct, hands-on experience, which has proven to be effective in conveying complex 
information and engaging individuals to foster creativity and self-reliance (Bredderman, 1983; 
Hmelo-Silver, 2004; Holstermann et al., 2010). Because of its high yield relative to purchased 
inputs and reliance on renewable resources, more involved, hands-on nature-based experiential 
learning could be incorporated into Western education systems as resource and energy 
availability diminishes. Such systems could be more sustainable than technology-driven 
education based largely upon nonrenewable resources, a method that is nonetheless rapidly 
gaining prevalence throughout the Western world (Almeida et al. 2013; Campbell and Lu 2014; 
Fleer 2000; Schmid et al. 2009; Zelaya and Dorlette-Paul 2011). Moving contrary to this 
technology trend, many nature-based, experiential learning programs have already been 
implemented in the United States by expanding laboratory periods and incorporating field trips 
to natural areas where students learn about the principles of biology and ecology (Millenbah and 
Millspaugh, 2003; Piercy et al., 2012; Ti et al., 2009). Furthermore, while Western education 
systems are sensitive to socioeconomic trends (Campbell and Lu, 2014) traditional ecological 
knowledge education does not rely on economic inputs, providing stability for the system. 
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Although TEK education is not necessarily dependent upon economic inputs, it is affected by 
socio-economic changes, as evidenced by the observation interviewees made regarding young 
people eschewing their work in traditional agroecosystems for more profitable work in 
ecotourism and other skilled labor industries. The application of indigenous pedagogies might 
also prove to be an important tool for revitalizing indigenous communities and education within 
them (Cajete, 1994), as Native Americans are underrepresented in professional STEM 
disciplines and have scored lower than their counterparts on standardized tests (Riggs, 2005). 
Applying indigenous education methodologies like field and culture-based learning could prove 
to be a low-cost, effective method for educating both indigenous children and adults (Matthews 
and Smith, 1994; Riggs, 2005; Snively and Corsiglia, 2001). Perhaps the most important 
implication of this paradigm shift would be that students not only learn more and for longer, they 
also enjoy the educational experience more and are therefore instilled with a passion for the 
sciences and the natural world (Fazey et al., 2006). 
 
Conclusions  
The contribution of traditional ecological knowledge has been historically ignored in 
emergy evaluations of indigenous traditionally-engineered systems. Traditional ecological 
knowledge is a quantifiable input to these systems. The labor transformities calculated in this 
paper must be applied judiciously because labor is conditional upon the context in which it is 
completed. Labor inputs to indigenous agroecosystems could be divided in order to account for 
the amount of time that is spent actually applying TEK and making management decisions as 
opposed to the time spent performing unskilled labor.  
The embodied energy of the TEK of individuals is closely linked to their land. Because 
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TEK is dependent on natural resources and the health of local ecosystems, reductions in 
ecosystem function will likely result in reductions in TEK. Therefore, it is of the utmost 
importance to slow rates of environmental degradation. This impairment, if unchecked, will not 
only decrease biodiversity, but also undermine indigenous cultures. This in turn, will likely 
facilitate further disruption to ecosystems, creating a positive feedback loop of environmental 
degradation.  
TEK emergy yields and ESI values did not appear to correlate with age, which implies 
that TEK seems to be fairly resilient to socio-cultural changes. However, communities are 
concerned about changes to their culture and land management systems, including emigration, 
increasing use of subsidies, chemical fertilizers, and pesticides; and climatic changes. Future 
research should continue to quantify the TEK transferred to younger generations by measuring 
the change TEK-education transformities to ensure that indigenous education systems are not 
being disrupted over time, as continued socio-cultural changes may lead to declines in TEK-
education transformities and ESI values because of loss of cultural information and increased 
reliance on non-renewable fossil fuel based inputs in lieu of renewable labor inputs. Unlike 
Western education systems, traditional ecological knowledge transfer systems have historically 
not been sensitive to economic fluctuations. However, this may change with an influx of tourist 
money to indigenous communities and increased reliance on state-operated school systems. 
Programs must be established to help educate young people of the ecology, natural history, and 
management of the land, lest this knowledge be lost forever. Such programs should be supported 
by the indigenous communities themselves so that the education system, like the TEK education 
system, can be both effective at conveying information and self-sustaining with few external, 
non- renewable inputs.  
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CHAPTER 3. SOIL FERTILITY IN INDIGENOUS ZAPOTEC AGROFORESTRY OF 
OAXACA, MEXICO 
 
Abstract 
 
Indigenous agroforestry systems in the highlands of Oaxaca State, Mexico include 
cropland, fallow, coffee, and secondary forests. These areas provide livelihoods for people and 
ecosystem services while minimizing external inputs. Soil fertility and carbon sequestration in 
these systems had been little explored. The objectives of this research were to determine 
relationships among land use and indicators of soil quality: organic carbon (SOC), total nitrogen 
(TN), cation exchange capacity (CEC), exchangeable cations (K, Ca, Mg, Na), base saturation 
(BS), phosphorus (P), and SOC and TN stratification ratios (SR). Soil samples were taken at two 
soil depths, topsoil (0 – 10 cm) and subsoil (10 – 20 cm), in each land use area in Lalopa, 
Oaxaca, Mexico: coffee, milpa, sugar cane, swidden fallow, tillage fallow, and secondary forest. 
Analysis of variance indicated differences in SOC and TN in the topsoil among land uses. The 
highest concentrations for SOC and TN were detected in forest (40 mg kg-1, and 4 mg kg-1, 
respectively), and lowest in sugar cane areas (22 mg kg-1, and 2.3 mg kg-1, respectively). 
Stratification ratios for forest, coffee, and sugar cane exceeded 2.0.  These results point out areas 
where intervention might be needed, in land uses with low soil fertility, for carbon sequestration 
and soil improvement.  
 
Key words. Biogeochemistry, shifting cultivation, Sierra Norte, ecosystem services, 
sugar, coffee, forest, tropics. 
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Introduction  
 
Approximately 1 billion people rely on traditional farming for their livelihoods (Toledo 
and Barrera-Bassols, 2009a). These farmers will often utilize land management systems that 
make efficient use of locally available resources. These systems can include home gardens and 
shifting cultivation. Aside from providing livelihoods for families, these management systems 
also provide ecosystem services such as biodiversity preservation, soil and water conservation, 
and nutrient cycling (Altieri et al., 2008; Mijatovic et al., 2013; Robson and Berkes, 2011;Toledo 
and Barrera-Bassols, 2009a). Traditional farming practices in the Mexican tropics have been 
described through embodied energy evaluation as sustainable systems due to reliance on natural 
processes over inputs from the economy (Diemont et al., 2005; Falkowski et al., 2015; Martin et 
al., 2006). Land fallowing constitutes the main strategy to maintain soil fertility and productivity 
in these systems (Lojka et al., 2012; Tschakert et al., 2007), but systems are also managed to 
accelerate nutrient cycling  (Diemont et al., 2011, 2005). The current pressure on tropical 
agricultural lands due to competing needs for food, energy, and carbon sequestration (Harvey 
and Pilgrim, 2011; Jones and Thornton, 2003) raises concern about the ability of agroecosystems 
to continue to provide livelihoods for people. This situation has renewed attention on traditional 
farming systems due to their ability to fulfill multiple societal goals: food and materials for 
people, and biodiversity preservation and carbon sequestration (Altieri and Nicholls, 2017; Lal, 
2011; Powlson et al., 2011). 
In the state of Oaxaca in southern Mexico, approximately 90% of agriculture in rural 
communities utilizes traditional farming systems (Ordóñez and Rodríguez, 2008). These systems 
largely rely on renewable resources (Falkowski et al., 2015) and make use of human and 
domestic animal energy (Gonzalez, 2001). Most products from the farm are for household 
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consumption; farmers strive to sustain yield over time (Toledo and Barrera-Bassols, 2009a). 
Despite the importance of traditional farming systems for livelihoods and ecosystem services, 
few studies have analyzed soil fertility within the lands that are part of a complex farming 
system. Information is limited concerning soil fertility and carbon of individual land 
management units within the broader context (i.e., spatial and temporal strategies and 
succession). 
 
Zapotec indigenous farming as an agroforestry system. A holistic approach is required 
to analyze land use within Zapotec farming. Although the various land uses appear to be isolated 
components, they are purposefully organized in space and time creating an agroforestry system. 
This traditional design creates a complex landscape that is adapted to the surrounding 
environment, satisfies family needs, and makes efficient use of locally available resources 
(Toledo et al., 2003; Toledo and Barrera-Bassols, 2009a). In the Zapotec agroforestry, trees are 
organized in space, such as in shade coffee or relegated to edges of plots for annual crops; they 
are also part of the succession strategy to shift among land uses over time. Hence, Zapotec 
agroforestry can also be described as an adaptive renewal cycle (Alcorn and Toledo, 1998; 
Holling, 2001).  
Zapotec farming systems have been described in several studies. Gonzalez (2001) 
described the social structure, crafts, tools and knowledge within traditional farming. Falkowski 
et al. (2015) evaluated the embodied energy (emergy) in the traditional ecological knowledge 
(TEK) education system of Zapotec farming. This study determined that the TEK education has 
a lower impact on natural systems compared to conventional education. Robson and Berkes 
(2011) established that land abandonment by farmers leads to more uniform plant species 
composition hence less diversity compared to the agricultural landscapes managed by traditional 
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farmers. Likewise, Pérez-García and del Castillo (2016) found that abandonment of swidden-
fallow for more continuous tilling systems conducted to a decrease in agrobiodiversity. Vergara-
Sánchez and Etchevers-Barra (2006) found that components of traditional farming, shade coffee 
and milpa, were associated with higher soil organic carbon, and higher pH compared to 
secondary forests.  
I hypothesized that Zapotec agroforestry is providing ecosystem services such as carbon 
sequestration and soil fertility (Romero-Alvarado et al., 2002; Toledo and Moguel, 2012) and 
that this management system is designed to augment soil fertility and productivity. I was 
particularly interested in soil properties under perennial sugar cane (ratoon crop), which have not 
been previously reported for traditional agroecosystems. My overall objectives were to evaluate 
the concentration of soil organic carbon (SOC), total nitrogen (TN), extractable phosphorus (P), 
cation exchange capacity (CEC), exchangeable cations (K, Ca, Mg, Na), and base saturation 
(BS) in distinct land areas of the Zapotec agroforestry system. I compared stratification ratios 
(SR), an indicator of soil quality (Franzluebbers, 2002), for SOC and TN, among land uses. I was 
interested in determining implications of Zapotec TEK for sustainable food and other ecosystem 
services (e.g., carbon and nutrient cycling).  
 
Materials and methods 
 
The study area. My field study took place in Santiago Lalopa (Lalopa) in June and July 
2014 and 2015. Lalopa is a Zapotec indigenous community located in the Northeast region of 
Oaxaca state centered at 17° 25´ 03´´ N and 96° 14´54´´ W. Lalopa has an area of 25 km2 
distributed over a mountain range with elevations as low as 400 m and as high as 1800 m. The 
mean annual precipitation is 2500 mm, and the mean annual temperature is 18.6 C (Instituto 
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Nacional de Estadistica y Geografia [INEGI], 2016). The following soil units are found in 
Lalopa (INEGI, 2016a) (FAO/UNESCO System): Humic Acrisol, Vertic Cambisol, and Lithosol 
(Ultisols, Inceptisols, Oxisols, USDA soil taxonomy). Lalopa has approximately 500 inhabitants 
(INEGI, 2016) who depend largely on household agriculture. 
 
Qualitative information. Zapotec indigenous agroforestry functions within an ecological 
and social setting, hence the use of multiple methods and models is important to the research 
approach (Goodwin and Horowitz, 2002). Qualitative assessment of Zapotec agroforestry was 
conducted during two-field work seasons in summer 2014, and 2015; I used semi directed 
interviews to obtain information about the size of farms, production processes, costs and 
materials used in the farming processes (Creswell, 2013). I, as a member of the community, also 
relied on personal experience and observations while working with farmers within the 
agroforestry system; this qualitative approach has been described as autoethnography (Wall, 
2006). Validation of qualitative data was achieved through triangulation (Golafshani, 2003; 
Librett and Perrone, 2010) with biophysical information.  
 
Soil sampling. Based on interviews, it was established that the following land uses 
constitute the agroforestry system most practiced in Lalopa: shade coffee (CO), sugar cane (SC), 
swidden-fallow (SF), tillage-fallow (TF), milpa (MI), and secondary forest (FO). I sampled four 
parcels (Agroforestry systems) containing: CO, cultivated for 30 years; SC, cultivated for 20 
years; SF, six years of fallow; TF, six years of fallow; MI, cultivated in spring 2014; FO, 40 
years old. At each land use, six subsamples were pooled. At every sampling point two soil depths 
were examined: 0-10 cm (topsoil) and 10 to 20 cm (subsoil).  The soil samples were ground to 
pass a 2-mm sieve to remove coarse roots and coarse fragments. Samples were air dried and 
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transported to the State University of New York, College of Environmental Science and Forestry 
Soil Analytical Laboratory in Syracuse, New York, USA for analysis.   
 
Soil analysis. Dry bulk density (BD) was determined by the core method, I did not 
remove roots and coarse fragments from the soil core, however that should not be an issue since I 
did not find significant differences among different lands and soil depths. The soil was analyzed 
for pH with an Orion 4 STAR pH meter in a 1:2 (soil to deionized water) soil solution. Total soil 
organic carbon (SOC) and total nitrogen (TN) were analyzed by the Dumas method. Sieved soil 
samples were pulverized using a SPEX Mixer-Mill. A 40 mg subsample was weighed and 
analyzed using an elemental analyzer THERMO Flash EA 1112. Carbon and nitrogen stocks 
were computed as the product of soil mass (BD * Soil Volume) and concentrations of, SOC and 
TN, respectively. Extractable phosphorus was analyzed using the Bray P-1 method and 
concentrations were determined with a spectrophotometer at 882 nm.  
Cation exchange capacity (CEC) and exchangeable cations were determined using 1 N 
ammonium acetate adjusted to pH 7. Concentrations of Ca, Mg, K, and Na were determined 
using Inductively Coupled Plasma—Optical Emission Spectrometer (ICP-OES). Base saturation 
(BS) was computed as the proportion of CEC accounted for by nonacid cations. For the 
analytical procedures, I followed Bickelhaupt and White (1982). 
 
Statistical analysis. Relationships of land use and soil depth with physicochemical 
variables were determined using analysis of variance. Means among land use and soil depths 
were compared using the Tukey test at α=0.05. Pearson correlation was used to assess linear 
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relationships among soil physicochemical variables. For statistical analysis I used SAS software 
(SAS Institute, 2014).    
  
Results  
SOC and TN. Differences between soil depths were detected for SOC and TN in all land 
uses (α=0.05). The concentrations for both SOC and TN at the topsoil were about twice that of 
the subsoil for all land uses (Table 3.1). In topsoil SOC and TN differed among land uses. SOC 
concentration under secondary forest (42 mg kg-1) was higher than under sugarcane (22 mg kg-1). 
Secondary forest also had the highest TN concentration (4.2 mg kg-1), and sugar cane had the 
lowest (2.2 mg kg-1). I did not find significant differences for subsoil SOC and TN among land 
uses.  
To compare my results with other farming systems I computed the SOC and TN content 
on the entire soil profile sampled (0-20 cm), the secondary forest had the highest carbon and 
nitrogen stocks (78.3 Mg ha-1, and 7.3 Mg ha-1, respectively), whereas sugarcane had the lowest 
(43.4 Mg ha-1, and 4.6 Mg ha-1, respectively). Milpa, tillage-fallow, swidden-fallow, and coffee 
had similar concentrations and stocks for SOC and TN (Table 3.1).  
No significant differences in C:N ratio were detected among land uses and soil depths; 
the values for C:N fluctuated between 9 and 11 for all land uses and depths (Table 3.1). 
Stratification ratios SR did not differ among land uses. The ST for SOC, however, followed the 
order: FO, SC and CO>2, TF and MI=2, and SF <2. The ST for TN followed a similar pattern. 
 
 
 
 
 54 
Table 3.1 Mean values of soil properties under different land uses, at the topsoil (0 to 10 cm 
depth) and the subsoil (10 – 20 cm depth) for: bulk density (BD), soil organic carbon 
(SOC), total nitrogen (TN), and carbon to nitrogen ratio (C:N). 
 Bulk density  SOC TN  
Land use Mg m-3 g kg-1 Mg ha-1 g kg-1 Mg ha-1 C:N 
  0 – 10 cm 
 
  
Coffee 1.3a 33.6ab* 42.6ab* 3.4ab* 4.2ab* 10.4a 
(0.2) (3.3) (3.8) (0.3) (0.3) (0.4) 
Swidden-fallow  1.3a 27.1ab* 35.2b* 2.7b* 3.5b* 10.8a 
(0.1) (3.1) (4.0) (0.3) (0.7) (0.7) 
Tillage-fallow  1.3a 30.3ab* 39.0ab* 3.0ab* 3.9ab 10.5a 
(0.1) (2.6) (1.7) (0.3) (0.2) (0.5) 
Milpa 1.3a 28.5ab* 37.2ab* 2.8b* 3.7b* 10.4a 
(0.01) (2.6) (3.5) (0.3) (0.4) (0.1) 
Sugar cane 1.3a 22.3b* 29.3b* 2.2b* 3.0b* 9.8a 
(0.05) (4.0) (4.2) (0.4) (0.4) (0.03) 
Forest 1.3a 42.3a* 52.0a 4.2a* 4.8a* 11.1a 
(0.08) (12.6) (11.6) (1.3) (0.3) (2.3) 
  10 – 20 cm 
 
  
Coffee 1.4a 14.2a* 20.0a* 1.4a* 2.0a* 9.8a 
(0.1) (1.8) (4.2) (0.2) (0.2) (1.0) 
Swidden-fallow  1.3a 14.0a* 18.0a* 1.4a* 2.0a* 9.5a 
(0.08) (0.2) 
) 
(0.3) (0.0) (0.4) (1.7) 
Tillage-fallow 1.4a 16.8a* 23.3a* 1.7a* 2.5a 9.8a 
(0.09) (7.0) (9.3) (0.7) (0.9) (1.0) 
Milpa 1.3a 14.3a* 19.0a* 1.4a* 1.9a* 10.1a 
(0.06) (1.7) (1.4) (0.2) (0.08) (0.4) 
Sugar cane 1.4a 10.2a* 14.2a* 1.0a* 1.6a* 8.6a 
(0.1) (1.4) (0.7) (0.1) (0.2) (0.7) 
Forest 1.4a 18.2a* 26.3a 1.8a* 2.5a* 10.8a 
(0.02) (8.3) (12.0) (0.8) (0.5) (2.7) 
Means followed by the same letter (for a given soil depth) are not significantly different using Tukey’s test at 
α=0.05. Within the same land use, * indicates significance between soil depths. Numbers in parenthesis are the 
standard deviation of four replicates.  
 
Cation exchange capacity, CEC, base cations, and pH. Between soil depths I detected 
differences in coffee, milpa, swidden-fallow, and secondary forest. In coffee the concentration of 
P, Ca, and Mg were about twofold those in the subsoil. Likewise, P and Ca concentrations in 
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milpa where twice as much as the subsoil. Cation exchange capacity (CEC) and base saturation, 
BS, in milpa were also higher in the topsoil. In swidden-fallow and, secondary forest the CEC 
was higher in the topsoil (Table 3.2).  
 
Table 3.2 Mean values of soil fertility under different land uses, at the topsoil (0 to 10 cm 
depth) and at the subsoil (10 – 20 cm depth) for phosphorus (P), potassium (K), calcium 
(Ca), magnesium (Mg), cation exchange capacity (CEC), and base saturation (BS).  
  mg kg-1  Cmolc kg-1  % 
Land use pH P  K Ca Mg CEC  BS 
  0 – 10 cm    
Coffee 5.4a  6.2a*  0.4a 5.8a* 2.1a* 14.4a  57ab 
(0.7) (3.3)  (0.2) (2.6) (0.5) (3.5)  (9.8) 
Swidden-fallow  5.2a 2.9a  0.3a 5.3a 2.2a 14.8a*  53ab 
(0.1) (0.6)  (0.1) (0.7) (1.2) (0.5)  (11.5) 
Tillage-fallow  5.0a 3.0a  0.4a 6.4a 2.0a 15.7a  56ab 
(0.1)  (1.4)  (0.1) (1.7) (0.4) (1.9)  (6.1) 
Milpa 4.8a   1.1a*  0.3a 3.9a* 0.9a 13.5a*  27a* 
(0.1)  (0.3)  (0.0
4) 
(1.4) (0.4) (0.7)  (10.1) 
Sugar cane 5.3a 2.7a  0.5a
* 
6.3a 3.0a 16.1a  61c 
(0.2)  (1.7)  (0.1) (1.7) (1.4) (2.5)  (6.9) 
Forest 5.7a  5.8a  0.5a 7.9a 2.6a 19.0a*  56ab 
(0.3)   (3.4)  (0.2) (4.3) (0.5) (4.2)  (15.3) 
   10 – 20 cm    
Coffee 5.3a    2.1a*  0.2a 2.3a* 1.2a* 8.8a  42ab 
(0.2)  (2.6)  (0.1) (0.8) (0.2) (1.8)  (7.5) 
Swidden-fallow  5.3a 1.4a  0.2a 2.9a 1.4a 11.8a*  38ab 
(0.2)  (0.6)  (0.1) (2.0) (0.9) (0.9)  (12.6) 
Tillage-fallow 5.0a  0.8a  0.4a 4.1a 1.4a 14.4a  38ab 
(0.2)  (0.5)  (0.2) (2.5) (0.9) (4.3)  (16.8) 
Milpa 4.9a    0.3a*  0.2a 1.2a* 0.3a 10.9a*  11a* 
(0.1)  (0.2)  (0.1) (0.4) (0.2) (0.3)  (3.7) 
Sugar cane 5.2a     0.6a  0.2a
* 
3.8a 2.2a 13.1a  49c 
(0.3)   (0.1)  (0.1) (1.8) (1.4) (1.0)  (17.6) 
Forest 5.5a   0.7a  0.3a 3.4a 1.6a 12.0a*  42ab 
(0.4)   (0.1)  (0.1) (3.8) (0.8) (1.2)  (27.3) 
Means followed by the same letter (for a given soil depth) are not significantly different using Tukey’s test at 
α=0.05. Within the same land use * indicates significance between soil depths. Numbers in parenthesis are the 
standard deviation of four replicates.  
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Among land uses differences were detected in BS (α=0.05) (Table 3.2). The highest value 
for BS (61 %) was found in SC, and the lowest was found in MI (29 %). I did not find significant 
differences among land uses for pH, P, K, Ca, Mg, and CEC.  
Significant correlations were found among several soil metrics. I detected a positive 
correlation between soil organic carbon and TN, CEC, P, and K. I also found that TN and CEC, 
P, K and Ca were correlated. CEC positively correlated with K, Ca, Mg, and BS. BS was 
positively correlated with pH, K, Ca, and Mg (Table 3.3).  
 
Table 3.3 Pearson correlation coefficients among soil physicochemical variables: cation 
exchange capacity (CEC), total nitrogen (TN), soil organic carbon (SOC), phosphorus (P), 
potassium (K), calcium (Ca), magnesium (Mg), and base saturation (BS). 
Variables CEC TN  SOC P K Ca Mg BS 
pH 0.436*  0.165 0.108  0.194  0.185  0.601* 0.579* 0.599* 
CEC  0.650* 0.528* 0.408* 0.664* 0.886* 0.630* 0.595* 
TN   0.955* 0.651* 0.681* 0.584* 0.415* 0.418* 
SOC    0.519* 0.620* 0.424* 0.294  0.270 
P     0.360* 0.534* 0.424* 0.504* 
K      0.619* 0.482* 0.508* 
Ca        0.742* 0.854* 
Mg        0.876* 
* refer to significance level P < 0.05 
 
 
Discussion 
The different land units of the Zapotec agroforestry are organized both spatially and 
temporally. A useful way to explain such organization is the adaptive renewable cycle developed 
by Holling (2001), and adapted by Alcorn and Toledo (1998) to explain shifting agriculture. 
Hence, secondary forest (a climax stage with 40 years of fallow) serves as a reference system 
from which the other land uses are related (Figure 3.1).  
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Figure 3.1 The Zapotec indigenous agroforestry as an adaptive renewal cycle (adapted from 
Alcorn and Toledo, 1998).   
 
The Lalopa agroforestry, as an adaptive renewal cycle, starts when farmers slash (release 
stage) the forest (FO) (conservation stage) to establish crops (reorganization stage). The crops 
are harvested (exploitation stage) (Holling, 2001), and then the farmland goes to short fallow 
stages or more permanent shade coffee (CO) (Fig. 3.1). The fallow lands are represented as 
conservation stages since they mimic ecosystem services provided by forests (FO), such as 
carbon sequestration, and nutrient cycling. Shade coffee (CO) is also represented as a 
conservation stage since it resembles surrounding forest regarding nutrient cycling, carbon 
sequestration and diversity (Toledo and Moguel, 2012). The climax conservation stage is 
achieved when farmers leave the farmlands to fallow until secondary forest takes over, and then 
the cycle starts again. There are cases in Lalopa of secondary forests (40 years old) that were 
previously cultivated and now are open to crops again. 
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Carbon, and nitrogen concentration, as well as certain soil fertility indicators, follow the 
adaptive renewal cycle. For instance, I detected significant differences in carbon and soil 
fertility, both spatially and temporally. I observed that these effects were mostly restricted to the 
topsoil. Because the topsoil layers receive primary management (Batjes, 2014), these results 
would be expected. The highest concentrations SOC and (TN) were observed in the secondary 
forest (42 mg.kg-1, and 4 mg.kg-1, respectively). This result is comparable to values reported in 
the Sierra Norte for similar ecosystems (Vergara-Sánchez and Etchevers-Barra, 2006), and was 
expected since land use changes from croplands to forest causes the highest gains in SOC 
(Demessie et al., 2013; Stockmann et al., 2013), and N is not a limiting factor in forest 
ecosystems (Kurppa et al., 2010).  
Shade coffee is one of the agroecosystems most studied for potential to sequester carbon 
(De Beenhouwer et al., 2013; Noponen et al., 2013; Romero-Alvarado et al., 2002). SOC 
concentration (~30 g kg-1) under coffee was slightly lower than values reported by Soto-Pinto et 
al. (2009) and Vergara-Sánchez and Etchevers-Barra (2006) (45 g kg-1 and 50 g kg-1 
respectively). I did not detect significant differences in SOC among land use type. This result 
contrasts with those reported by Vergara-Sánchez and Etchevers-Barra (2006) for traditional 
cultivation systems in the Sierra Norte. These authors reported similar or even higher SOC in 
lands under annual cropping compared to secondary forest or shade coffee. These contrasting 
results might be explained by environmental and soil management factors. First, Vergara-
Sánchez and Etchevers-Barra (2006) suggest significant inputs of organic matter from annual 
cropping (10 Mg ha-1); they also report minimum tillage on the study sites, which leads to soil 
organic matter buildup (Stockmann et al., 2013). In Lalopa, most crop residuals from milpa are 
removed by grazing, and the land is plowed with oxen before plantation establishment. Second, 
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both study sites, are in mountain ranges with highly variable environmental conditions which 
have an effect on SOC (Wang et al., 2002). In Lalopa SOC was similar in field and fallow lands; 
this might be explained by the rapid shift from field to fallow. Fields are cropped for a maximum 
period of two years. The land is then left fallow for at least three years. This practice could 
restore soil fertility and avoid SOC depletion when the land is cultivated, hence contributing to 
nutrient cycling in the whole management system. It has been suggested that biomass from 
shrubs and weeds in fallow lands is an important component of SOC cycling (Hands et al., 
1995). 
My study is the first in the region reporting SOC and exchangeable cations in land 
managed under sugarcane. This area is managed as a perennial (ratoon) with long-term rotations. 
Soil organic carbon in sugar cane (22 g kg-1) in the topsoil was the lowest for all land uses. This 
result was unexpected because long-term organic matter inputs, from the decaying leaves of 
sugar cane was projected to positively impact SOC (Galdos et al., 2009; Signor et al., 2014). 
Moreover, it has been reported that sugarcane adds carbon into deeper soil layers compared even 
to some tree species (Bashkin and Binkley, 1998), which would lead to SOC levels similar to 
natural forests (Silva et al., 2007). My results are comparable to 23 g kg-1 of SOC in unburned 
sugarcane (ratoon crop) after 8 years of cultivation (Galdos et al., 2009). The lower SOC under 
sugarcane in Lalopa compared to the other land uses likely is due to the nature of the 
management system as a ratoon crop (up to 20 cropping cycles). This area does not receive 
outside inputs of organic matter or chemical fertilizers. Hence, the sugarcane cultivation relies 
mostly on nutrients from the mineralization of organic matter, which eventually decreases the 
SOC. Sugarcane is also known for being one of the most productive crops but also one of the 
most demanding in terms of nutrients and water (Schroeder et al., 2009). In fact, sugarcane 
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productivity decline (farmers’s criteria based on declining size of sugarcane stems) in these 
systems is one of the reasons for farmers shifting land use from sugarcane to the next 
agroforestry stage, initiating with the planting of new trees, mostly nitrogen-fixing trees such as 
Inga spp.  
Overall, SOC values in the topsoil for the land uses evaluated in the Lalopa agroforestry 
are within the threshold to maintain soil quality for agricultural productivity (Liu et al., 2006). 
Moreover, the Mexican norm classifies these soils as high in SOC (Secretaria de Medio 
Ambiente y Recursos Naturales [SEMARNAT], 2002). The distribution of total nitrogen TN, 
among land uses, followed the pattern of SOC, and there was a high correlation between SOC 
and TN. The values for TN in the Lalopa agroforestry land uses are within the values reported 
for tropical ecosystems (Guimarães et al., 2013) and, according to the Mexican norm, these land 
uses have high values for TN (SEMARNAT, 2002). The values for C:N were lower than 12 in 
all land uses studied, hence are within the threshold for microbial mineralization (Bengtsson et 
al., 2003; Haney et al., 2012; Tate, 2000). 
CEC and BS are fundamental metrics associated with soil fertility. In this study the use of 
CEC and BS allowed us to detect significant differences in soil fertility between soil depths and 
among land uses. I found the lowest BS (29%) in milpa, and the highest BS in sugar cane (61%). 
Soils with BS exceeding 50% would provide sufficient nutrients (e.g., Ca and Mg);  soils with 
BS lower than 50% are considered acidic or strongly acidic, (Brady and Weil, 2016; Juo and 
Franzluebbers, 2003). BS was positively correlated with pH, and soils under milpa were acidic. 
The most likely reason for this acidity is recent application of ammonium sulfate fertilizer in 
these systems (Brady and Weil, 2016; Lafitte, 1993). These results indicated that soil acidity, Ca, 
and Mg could limit productivity in continuous milpa cultivation. CEC and exchangeable cation 
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concentrations on the topsoil categorize these lands as intermediate soil fertility (SEMARNAT, 
2002) and are values expected for tropical soils (Juo and Franzluebbers, 2003). 
 Phosphorus status of the land uses studied was low according to the values obtained with 
the Bray P-1 method (Bickelhaupt and White, 1982). These results were expected since in these 
tropical mountain environments the availability of P might be a limiting factor for productivity 
(Hands et al., 1995; Juo and Franzluebbers, 2003; Rosolem and Calonego, 2013). The highest P 
concentrations were found in forest (FO) and coffee (CO). One likely explanation for these 
results is that in oligotrophic tropical forest ecosystems, P is retained and recycled more 
efficiently, mostly via litter mineralization (Adams and Attiwill, 1993; Hands et al., 1995). 
Hence, due to the nature of shade coffee that mimics natural forests (Toledo and Moguel, 2012), 
it might also be recycling P.  
In this research, the observed effects of land use on soil chemical properties were 
restricted to the topsoil; and I did not find significant differences in the sub soil. Hence, the use 
of stratification rates (SR) for SOC and TN allowed us to evaluate the quality of soils in the 
entire soil profile sampled. Stratification rates greater than 2 in the land uses forest (FO), sugar 
cane (SC), and coffee (CO) suggest good quality of soils, with good structure and pore space that 
allows for water and nutrients infiltration down the soil profile (Franzluebbers, 2002). Usually 
SR is detected when comparing the topsoil with deeper soil layers (Corral-Fernández et al., 2013; 
Sá and Lal, 2009). Hence, the fact that I detected SR in Lalopa’s soils by just comparing the 
topsoil (0-10 cm) with the subsoil (10-20 cm) implies that these agroecosystems are behaving 
like natural ecosystems regarding stratification of SOC and TN. Specifically, litter inputs from 
shade trees in CO, and litter from sugar cane leaves increases SOC in the top soil. In the absence 
of soil disturbances, this SOC stratifies in the soil profile. 
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Altogether I can argue that soil carbon and nitrogen in the Zapotec agroforestry is 
consistent with an adaptive renewal cycle. The absence of significant difference among land 
uses: forest, coffee, fallow lands, and milpa indicates that the soil fertility in the system is 
sustained, and the temporal and spatial sequence of Zapotec land management contributes to 
cycling nutrients and to maintaining soil fertility. A possible explanation is that shade coffee 
resembles forest in terms of structure and perhaps in terms of nutrient cycling. Tree components 
of shade coffee takes up nutrients from deeper soil layers recycles them via above-ground litter 
fall and belowground contributions of the root system. Moreover, leguminous trees (i.e., Inga 
spp.) could be contributing biological nitrogen fixation. In the case of milpa, a rapid shift from 
field to fallow might minimize carbon depletion. Fields are cropped for a maximum period of 
two years and the land then is left fallow for at least three years. Shrubs and herbs from fallow 
contribute to the cycling of carbon and nitrogen. Sugarcane is demanding on soil nutrients, but it 
does not overwhelm the system because it is limited in area and time period. Milpa also might 
require management to address fertility concerns such as acidic pH, low phosphorus, and low 
base saturation.  
In general, the fertility and carbon status within the Zapotec indigenous agroforestry 
systems are appropriate for crops production. However, phosphorus may become limiting, 
mostly for annual milpa and continuously harvested sugarcane. On the other hand, coffee 
exhibits a potential for carbon sequestration and nutrient cycling. Milpa and sugarcane are 
adaptable for agroforestry design (alley cropping) aimed at increasing soil organic matter for 
carbon sequestration and nutrient cycling. The C:N<12 found in these soils implies that the 
additional inputs of organic matter may undergo mineralization processes which will contribute 
to soil fertility. Since phosphorus might be the limiting factor, an input of P may be necessary in 
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these agroforestry designs to insure long-term sustainability.  
Limitations and recommendations 
Soil analysis constitutes the base for planning on industrial agriculture, however on 
traditional agriculture soil analysis is limited. Furthermore, traditional land management is 
comprised of several land uses making it difficult to generalize results from soil analyses. In this 
research I analyzed the various land uses composing the Zapotec agroforestry. Results from this 
research provide a local reference for soil management for example, to improving soil fertility 
and crops productivity. Therefore, this soil analysis represents a small picture of a complex land 
use system organized in space and time. The layout of these lands responds to environmental, 
social and economic factors. For example, traditional farmers rely on annual and perennial crops 
to satisfy household and financial input needs, and depending on the market cash crops might 
receive more attention than yearly cropping. Hence, farmers are continuously modifying the 
landscape with different crops. In this dynamic, soil analysis should reflect such changes and 
adaptations. This soil analysis was a starting point that allowed me to detect potential areas for 
improvement, and to design others studies. For instance, in chapter 4 I analyzed how Inga trees 
are used to restore soil fertility across different land uses, and in chapter 5 I explored how to 
improve soil fertility and reduce soil acidity.  
Conclusions  
Agroforestry as practiced by the Zapotec indigenous in Lalopa, Oaxaca, Mexico has a 
spatial and temporal arrangement, and functions as an adaptive renewal cycle. The land uses 
within this system impact on cycling of carbon and other nutrients. The impacts of land use on 
soil fertility was restricted to the topsoil. Forest and coffee exhibited the highest concentrations 
and stocks of SOC and TN, whereas the lowest values were detected in sugar cane. Carbon and 
 64 
nitrogen concentration on farmlands under perennial shaded coffee, and milpa are considered 
adequate to sustain crop production which suggests that planned succession by farmers helps to 
cycle soil nutrients across diverse land uses. My results suggest that shaded coffee might be 
sequestering carbon into soils and contributing to nutrient cycling via litter inputs from shaded 
trees. These results also point out areas of possible intervention within the system, specifically to 
improve soil pH and Phosphorus availability.  
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CHAPTER 4 CARBON STOCKS IN ABOVEGROUND BIOMASS AND LITTERFALL 
FROM INGA IN SHADED COFFEE 
 
Abstract 
Shade coffee provides economic and ecological benefits to indigenous communities in 
Oaxaca Mexico; it is a source of income, sequesters carbon and preserves biodiversity. 
Leguminous trees from the genus Inga provide shade for coffee, and trees are being successfully 
managed by farmers to shift from treeless lands such as sugar cane, and fallow lands to shade 
coffee. Inga is being used as an ecological driver, and it is providing ecosystem services such as 
carbon sequestration and nutrient cycling. The goal of this research was to determine carbon 
sequestration trends from Inga trees in new (5-6 years), intermediate (15 years) and old coffee 
plantations (<25 years), and to quantify the amount of Inga foliage inputs into soils under old 
shaded coffee plantations (<25 years). I selected nine parcels with Inga trees at different stages 
of growth. I measured height and diameter at breast height (DBH) of Inga trees larger than 10 cm 
DBH, carbon sequestration per tree were estimated with allometric equations. I also recorded all 
tree species larger than 10 cm DBH to establish biodiversity indexes. Litter inputs into old coffee 
parcels were measured with collection trays of 0.2 m2 in area and 20 cm in height. Litter was 
collected every two months from November 2015 to September 2016. Carbon sequestration from 
new Inga trees was lower than previously reported, whereas on intermediate and old coffee 
plantations carbon sequestration was higher. Inga foliage accounts for 55% of litter inputs into 
soils under old shaded coffee and is the primary source for nutrient cycling on this agroforestry 
system.  
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Introduction 
Agroforestry, the mixtures of trees and crops (Atangana et al., 2014), has been proposed 
as a tool to restore degraded lands, mitigate climate change, and achieve food security (Lal, 
2004). In the tropics, agroforestry provides ecological, economic and social benefits. Hence, 
agroforestry is regarded as a sustainable cropping system (Beer et al., 1990; Casanova-Lugo et 
al., 2011; De Beenhouwer et al., 2013; Toledo and Moguel, 2012). 
In Mexico, shade coffee is a key agroforestry system, due to ecological, economic and 
social reasons. Coffee exports contribute to about 30% of agriculture sector revenues (FIRA, 
2016). About 40% of cultivated coffee is within tropical forests areas (Moguel and Toledo, 
1996), and about 60% of coffee farmers belong to indigenous peoples whose primary activity is 
agriculture. In the southern state of Oaxaca shaded coffee is cultivated on 165,921 ha (23% of 
the total surface in Mexico), this area is distributed in 124 municipalities with a mostly 
indigenous population, who rely on household agriculture and coffee cultivation as a cash crop. 
Coffee plants were introduced to Oaxaca, from the neighboring state of Veracruz Mexico 
at the end of the 18th century (Gonzalez, 2001). Along with coffee, leguminous trees from the 
genus Inga were introduced as shading trees. These trees, native tree from the humid tropics, 
thrived in the tropical environmental conditions of the mountains of Oaxaca. This tree-crop 
association was widely adopted to produce coffee throughout highland Oaxaca.  
This agroforestry system provides ecosystem services such as diversity preservation 
(Perfecto et al., 2012), a refuge for wildlife (Greenberg et al., 1997), carbon sequestration 
(Hergoualc'h et al. 2012), and economic and cultural services (Toledo and Moguel, 2012). Shade 
coffee is a dominant landscape component in the state of Oaxaca, which is considered both a 
natural and cultural hot spot for biodiversity preservation (Ordóñez and Rodríguez, 2008). 
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Inga -shaded coffee is an agroecosystem that partially resembles natural ecosystems, 
more specifically oligotrophic tropical forests (Hands et al., 1995). Inga tree stratum provides a 
favorable microclimate for coffee, if buffers against temperature fluctuations (Siles et al., 2010), 
and protects the soil from the kinetic force of rainfall (Hands et al., 1995). Inga litter fall 
transfers organic matter and mineral elements from aboveground vegetation to the soil surface 
contributing to nutrient cycling (Vitousek and Sanford, 1986).  
Inga trees possess several attributes that make them ideal candidates for ecological 
restoration, for example to recover soil fertility, and increase organic matter in soils. This tree 
can grow on acid and infertile soils (Kanmegne et al., 2000). Inga is a fast-growing species and it 
can fix about 35–40 kg nitrogen ha−1 year−1 (Atangana et al., 2014). Hence, Inga has been used 
in improved fallows to reduce the growth of weed species and to improve soil fertility 
(Kanmegne et al., 2000; Lojka et al., 2012) as nurse trees in the conversion of degraded cattle 
rangeland into cropping use (Hands et al., 1995). In a degraded tropical pasture, Inga canopy 
cover shaded out grasses and other ruderal vegetation (Celentano et al., 2011), which led to 
appropriate conditions for seedling establishment because it increases soil nutrient availability 
through litterfall (Nichols et al., 2001; Nichols and Carpenter, 2006).  
Inga is highly valued by farmers for its multiple uses, such as a shade tree, fruit 
production, fuelwood, and weed control (Lojka et al., 2005; Romero-Alvarado et al., 2002). In 
this research, I focused on the role of Inga in the Lalopa agroforestry system as an ecological 
driver and as a means for soil restoration. Farmers are using Inga to shift from land uses under 
annual or continuous cropping such as milpa and sugar cane to shaded coffee (Chapter 3). This 
process might be sequestering carbon and restoring soil fertility. For example, I found more soil 
organic carbon in soils under shaded coffee compared to land previously under sugar cane 
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(Chapter 3).  Moreover, shaded coffee in the village can grow 40 or more years. Hence, in these 
coffee systems carbon on trees have longer residence times compared to more intensively-
managed shaded coffee farms, with shorter rotations (5 years). This old shade coffee might be 
sequestering more carbon in the aboveground biomass than previously reported in the region 
(Hernández-Vasquez et al., 2012).   
 Despite the importance of shade coffee, there is a lack of local information about carbon 
sequestration and ecological restoration with Inga trees. Hence, this research had the following 
objectives to:  
1. Estimate aboveground carbon stocks in Inga trees, on new (5-6 years), intermediate (15 
years), and old coffee parcels (>25 years).  
2. Estimate litterfall inputs of Inga in old coffee plantations (>25 years). 
3. Describe the role of Inga as a driver of succession in Zapotec agroforestry systems. 
 
Materials and methods  
Study area. The field study took place in Santiago Lalopa, during summer 2016. The 
village is a Zapotec indigenous community located in the northeast region of Oaxaca state 
centered at 17° 25´ 03´´ N and 96° 14´54´´ W. Lalopa has an area of 25 km2 distributed in a 
mountain range with elevations as low as 400 m and as high as 1800 m. The mean annual 
precipitation is 2500 mm, and the average annual temperature is 18.6 C (INEGI 2015). The soil 
units found in Lalopa (INEGI 2015) (FAO/UNESCO System) are: Humic Acrisol, Vertic 
Cambisol, and Lithosol (Ultisols, Inceptisols, Oxisols, USDA soil taxonomy). Lalopa has 
approximately 500 inhabitants (INEGI 2015) who depend mostly on household agriculture. 
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Tree measurement, biodiversity, and carbon stock estimation. I selected nine parcels 
containing coffee, sugar cane, Inga vera Willd., and Inga sp. at different stages of growth (Table 
4.1). Each coffee parcel was assigned to a category according to the age of the Inga tree planted 
in the parcel. Parcels were classified into: New (5- 6 years), intermediate (15 years), and old 
coffee parcels (>25 years) (Table 4.1). The age of Inga trees was provided by the farm owner.  
Field measurement was conducted in June and July, 2016. Diameter at breast height 
(DBH; at 1.3 m above ground) of all tree species ³ 10 cm in diameter were measured in each 
parcel. Tree heights of all tree species ³ 10 cm in diameter were measured at each parcel with a 
pole measuring 10 m. Larger than 20 m trees I measured with a clinometer. The number of tree 
species, different than Inga, were recorded to determine species richness, Shannon, and Simpson 
biodiversity indices in each parcel (Table 4.2). 
 
Table 4.1 Owner, location, previous management, and age of Inga trees planted in sampled 
coffee parcels.     
 Parcel 1  Parcel 2 Parcel 3 Parcel 4 Parcel 5 Parcel 6 Parcel 7 Parcel 8 Parcel 9 
Owner Isaias Victor Paulina Cupert Cupert Felix Silvestre Pilar  Paulina 
Current  
crop 
Coffee Coffee Coffee Coffee Coffee Coffee Sugar 
cane 
Sugar 
Cane 
Coffee 
Previous  
Crop 
Unknown  Sugar cane Shrubs/ 
milpa 
Shrubs/ 
milpa 
Shrubs/ 
milpa 
Shrubs/ 
milpa 
Shrubs/ 
milpa 
Shrubs/ 
milpa 
Shrubs/ 
milpa 
Age of  
Inga  
40 (Old) 25 (Old) 25 (Old) 15 (Int) 15 (Int) 15 (Int) 6 (New) 6 (New) 6 (New) 
Area (m2) 1015 1172 692 1085 1000 853 984 792 585 
X(UTM) 791842 791964 791938 791927 792272 792241 791914 791947 791840 
Y(UTM) 1928710 1928610 1928506 1928747 1928331 1928244 1928573 1928540 1928456 
Elevation  
(m) 
1041 1053 1035 1075 1070 
 
1203 1052 1024 1030 
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Table 4.2 Species genus, number of individual stems, species richness and biodiversity 
indices in sampled parcels. 
Local name Genus and specie  Parcel 1 2 3 4 5 6 7 8 9 
   Number of stems 
Guidiyen Albizia sp. 
      
5 
  
35 
Slagui bashi Alchornea sp. 
 
2 
 
2 2 2 1 1 1 
Laguchi Annona sp. 
 
5 
        Palo mulato Bursera simaruba L. 
     
1 
   Yaeree Cecropia sp. 1 
        Cedro Cedrela odorata L. 3 1 1 9 9 2 1 2 12 
Cuan shuu Cestrum nocturnum L. 
       
1 3 
Hui naranja Citrus sp. 
    
2 1 
 
1 
  Yajchiruga Conostegia sp. 
        
2 
Mispra Eriobotrya japonica 
 
1 1 
 
1 
   Yeaguba Heliocarpus sp. 3 
      
4 1 
Yajtulu beesaa Inga sp. 
 
12 15 2 9 9 33 1 5 1 
Yajtulu Inga vera 
 
25 6 10 3 3 
 
26 17 21 
Mangu  Manguifera indica L.  
 
2 
 
1 
  
1 
  Yeela Musa sp. 
 
16 
  
16 15 27 
  
12 
Shugaa Persea sp. 
 
2 
 
2 1 3 1 2 1 
 Pimienta Pimenta dioica L. 26 3
       Baduru  Pinus sp. 
  
1 
       Lashun  Pouteria sapota Jacq. 1 
        Trazu Prunus persica L. 
     
1 
   Huiyaj Psidium sp. 
         
3 
Yaguibaa Quercus sp. 
   
2 
      Jojoba Simmondsia chinensis Link 1 
       Pomarosa Syzygium jambos L.  2 
        Guishi slaa Unknown  
      
7 
   Beashi cuchi Unknown  
 
5 2 
       Huiguishi Unknown  
 
6 1 2
 
1 
   
1 
Total individuals 
 
107 34 19 44 43 81 33 31 92 
Species richness  
 
13 10 7 10 8 10 7 7 11 
Shannon diversity  
 
2.87 1.79 1.51 1.81 1.71 1.51 0.88 1.39 1.73 
Simpson diversity  
 
0.72 0.22 0.28 0.19 0.21 0.28 0.61 0.32 0.14 
 
To compute carbon stocks, I used Chave et al. (2014) allometric equation to estimate the 
aboveground biomass of tropical trees.  
AGBest=0.0673x(pD2H)0.976 
Where ABGest=Estimate aboveground biomass in kg tree-1 
  D= diameter at breast height (cm) 
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H=Height (m)  
p= wood density (g cm-3) 
 
I used a wood density for Inga spp. of 0.58 g cm-3 (Naranjo and Mancera 2015) and a 
conversion factor of 0.5 to transform from total biomass to total carbon (IPCC 2007).  
From field data I computed for each parcel mean values for the following variables: trees 
ha-1, height (m ha-1), DBH (cm), basal total area (m2 ha-1), carbon per tree (kg tree-1), carbon 
sequestration rate (Mg C ha-1 yr-1), and total aboveground carbon (Mg C ha-1). I also computed 
carbon sequestration by diameter classes: <50 cm DBH, 50-100 cm DBH, and >100 cm DBH). 
Lastly, I calculated, species richness, Shannon diversity, and Simpson diversity indices. 
 
Litterfall inputs. Four quadrants (replicates) measuring 20 m x 20 m (200 m2) were 
marked inside old (>25 years) coffee plots. Six collection trays of 0.2 m2 in area and 20 cm in 
height were placed in each quadrant for leaf litter collection, or a total 1.2 m2 per quadrant. Trays 
were placed in October 1st, 2015, and fallen Inga and coffee foliage were collected by hand every 
two months, the last collection was performed on November 31, 2016, for a total 12 months. The 
foliage was classified in foliage classes: Inga foliage, coffee foliage, and mixed foliage (twigs, 
flowers, not distinguishable). In the laboratory, the material was cleaned (soil and dust were 
removed) and dried (65°C, 72 h), the dry weight of the material was recorded, and dry weight 
from the 200 m2 parcels was computed. Carbon in foliage was computed using a conversion 
factor of 0.5 as for the IPCC (2007) that considers that 50% of dry biomass is carbon.  
 
Statistical analysis. I used analysis of variance (ANOVA) to test statistical significance 
of differences in mean values of tree characteristics, and carbon sequestration among parcels 
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with Inga shaded coffee at different ages. I also computed Pearson’s correlation coefficients to 
assess the relationships among variables. An ANOVA was also performed to test statistical 
significance of differences in mean values of each foliage class among different sampling dates, 
and to establish statistical significance among foliage classes within the same sampling date. 
Statistical analysis was performed using R (R Core Team 2016).  A Tukey post hoc test was 
perform using the program agricolae (de Mendiburu 2016).  
 
Results  
Characteristics of Inga trees at different ages in shaded coffee. Differences were detected in 
tree density, height, diameter and total basal area among coffee parcels at different ages 
(α=0.05). New coffee parcels had 50% more trees compared to intermediate coffee parcels, and 
44% more trees compared to old coffee. Old coffee parcels had the highest values for height, 
diameter and total tree basal area (Table 4.3). There were also statistically significant differences 
in carbon sequestration. Old parcels captured twice as much carbon per tree as intermediate 
parcels. A similar trend was observed for carbon sequestration rates, in which old parcels 
captures 17% more carbon per hectare per year compared to intermediate parcels, and 72% more 
carbon compared to new parcels (α=0.05) (Table 4.3). This resulted in 50% more carbon per 
hectare in old parcels compared to intermediate parcels, and 95% more carbon compared to new 
parcels (α=0.05) (Table 4.3). Most of this carbon is sequestered on Inga trees with diameters 
>100 cm in old parcels, and both in Inga trees with diameters between 50 to 100 cm and trees 
with diameters >100 cm on intermediate parcels. There were no statistically significant 
differences in species richness, Shannon diversity, and Simpson diversity indexes among parcels 
(Table 4.3).   
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Table 4.3 Mean values for Inga spp. attributes, carbon sequestration, and diversity indices 
in new, intermediate, and old shade coffee parcels in Santiago Lalopa, Oaxaca, Mexico. 
 NEW (5-6 yrs) INTERMEDIATE (15 yr) OLD (> 25 yrs)  
Density (trees ha-1) 291.3 a 141.3 b 163.3 ab 
 (77.5) (53.4) (22.1) 
Height (m) 4.7    c 7.2 b 10.5 a 
 (0.4) (0.06) (0.9) 
Diameter (cm) 18.1  c 49.2 b 70.9 a 
 (1.1) (3.1) (3.2) 
Basal area  0.8   b 2.7 b 8.3 a 
(m2 ha-1) (0.2) (2.3) (1.2) 
Carbon Tree-1 (Kg) 30.0 c 637.3 b 1130.0 a 
 (5.0) 185.0 109.1 
Total aboveground   9.5  c 83.5 b 182.7 a 
C (Mg ha-1) (1.6) (2.4) (20.8) 
C rates (Mg ha-1 yr-1) 1.9  b 5.6 a 6.7 a 
 (0.3) (0.1) (1.8) 
C by diameter class  7.8  a 6.9 a 5.5 a 
(<50 cm) (Mg ha-1) (2.1) (4.1) (1.2) 
C by diameter class  0.0 48.5 a 81.4 a 
(50-100 cm) (Mg ha-1)  (13.4) (30.5) 
C by diameter class  0.0 3.7 b 83.3 a 
(>100 cm) (Mg ha-1)  (6.5) (8.2) 
Species richness 10 a 9.3 a 8.3 a 
 (0.27) (0.04) (0.23) 
Shannon index 2.05 a 1.67 a 1.33 a 
 (0.71) (0.22) (0.35) 
Simpson index 0.40 a 0.22 a 0.35 a 
 (0.27) (0.04) (0.25) 
 
Means followed by the same letter are not significantly different using Tukey’s test at α=0.05. Numbers in 
parenthesis are the standard deviation of three replicates.  
 
Height, diameter, and total basal area were positively correlated with parcel age. Age of 
parcels also correlated positively with carbon per tree, carbon sequestration rates, and total 
aboveground carbon on Inga trees. Likewise, height of Inga trees correlated positively with 
average DBH, carbon per tree, and carbon sequestration rates. I also found that DBH correlated 
positively with carbon per tree, and carbon sequestration rates (Table 4.4).  
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Table 4.4 Pearson correlation coefficients among age of coffee parcels, Inga tree 
characteristics, and carbon sequestration in shaded coffee.  
Variables Height  DBH Basal area C tree-1 Total C C seq. rate 
Parcel age 0.97* 0.86* 0.75* 0.90* 0.87* 0.579* 
Trees -0.58 -0.70* -0.32  -0.73* -0.57  -0.63  
Height 
 
0.94* 0.84* 0.95* 0.95* 0.76* 
DBH 
  
0.86* 0.97* 0.97* 0.92* 
Basal area 
   
0.78* 0.92* 0.80* 
C tree-1 
    
0.95* 0.85* 
Total C 
     
 0.89* 
C seq. rate 
      * refer to significance level  P < 0.05 
 
Foliage inputs. Differences were detected for coffee foliage, and mixed foliage among 
sampling dates, and among foliage classes at each sampling date (alpha=0.05) (Table 4.5). The 
highest input for coffee foliage, recorded on November 2015, was 35% larger than Inga foliage, 
for the same sampling date. Likewise, the highest input for Inga foliage, recorded in July 2016, 
was 26% larger, than mixed foliage, on the other hand, the largest input of mixed foliage, 
recorded on May 2016, was 15% larger than Inga foliage.  
Differences were detected in total foliage inputs among sampling dates (alpha=0.05). The 
highest foliage input, recorded in July 2016, was 64% higher than the lowest input recorded in 
March 2016 (Table 4.5). 
Inga and coffee foliage accounted for more than 80% of foliage inputs for November 
2015, January and March 2016. Whereas, mixed foliage accounted for more than 50% for inputs 
in May and July 2016. Fallen foliage provides a total of 3096 kg C ha-1 yr-1 to soils under shaded 
coffee (>25 years old). From this, Inga foliage accounts for 50%, coffee foliage accounts for 
22%, and mixed foliage accounts for 28%.  
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Table 4.5 Mean values for Inga spp., coffee, and mixed foliage (twigs, flowers, 
undistinguishable) inputs to soils under Inga spp. shaded coffee parcels (>25 years) in kg C 
ha-1 yr-1. 
 Nov 2015 Jan. 2016 March 2016 May 2016 July 2016 Total 
Inga 240 a 245 a  207 a 269 a 558 a 1519 
 (46) (68) (43) (84) (352)  
Coffee 373 a 178 b 81 b 25  b 10  b 667 
 (160) (44) (49) (11) (6)  
Mixed 73  b 55  b 55  b 318 a 408 a 857 
 (21) (20) (14) (75) (230)  
Total  686 a 478 a 343 a 612 a 977 a 3096 
 (112) (58) (72) (164) (497)  
Numbers in parenthesis are the standard deviation. 
Means followed by the same lowercase letter (for a given sampling date) are not statistically different using Tukey’s 
test at α=0.05.   
 
Discussion  
Carbon sequestration. Carbon sequestration rates on new coffee parcels (1.89 Mg C ha1 
yr-1) were lower compared to values reported by Hergoualc’h et al. (2012) on Inga shaded coffee 
of similar age (4.60 Mg C ha-1 yr-1). However, carbon sequestration rates on new, intermediate 
(5.56 Mg C ha-1 yr-1), and old (6.68 Mg C ha-1 yr-1) coffee parcels were within the range for 
carbon sequestration rates by coffee agroforestry systems reported by Montagnini and Nair 
(2004).  
On new coffee parcels the average diameter at breast height DBH (18 cm), and carbon 
per tree values (30 kg C-1tree-1) are comparable to values reported in the region (15 cm DBH, and 
47 kg C-1 tree-1) by Acosta Mireles et al. (2002). Total aboveground carbon 9.47 Mg C ha-1 was 
comparable to 13.4 Mg C ha-1 on shade tree Inga at seven years (Hergoualc’h et al., 2012). 
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However this was lower than 30 Mg C ha-1  reported by (Kanmegne et al., 2000) on two year old 
Inga with 10 cm at breast eight (DBH).  
I found a total carbon sequestration value about 83.51 Mg C ha-1 on intermediate parcels 
(15 years), on average 141 trees ha-1 and DBH of 49 cm. This value was higher than previously 
reported by Hernández-Vasquez et al. (2012) in the region. These authors found an average of 
64.3 Mg C ha-1, on 164 trees ha-1, on plantations 10 to 30 years old, and a basal diameter 
between 5 and 80 cm. Our values were also higher than the 46.3 Mg C ha-1 on living biomass for 
Inga shade organic coffee older than 20 years, reported by Soto-Pinto et al. (2009), using 
allometric equations.  
 In my study the highest value for carbon sequestration was found in old coffee parcels 
(more than 25 years old), which sequestered about 182.74 Mg C ha-1, values that are within the 
range for carbon sequestration by tropical agroforestry (Dixon, 1995).  
I did not find a trend between age of parcels and density of trees, as I expected, but I 
found a correlation between age of coffee parcels and total aboveground carbon on Inga 
biomass. This result would be expected because aboveground biomass increases as trees ages, 
hence I included an age variable in my sampling. Most of this increase is on the tree stems and 
branches (Concha et al., 2007). In my study, this is supported by the high correlation between 
average tree diameter and total aboveground biomass.  
Inga has been categorized as a fast growing tree that can tolerate acid soils (Kanmegne et 
al., 2000). However, my values for sequestration rates and total carbon sequestration in new 
coffee parcels were below those in previous studies (Hergoualc’h et al., 2012). Moreover, in my 
field trials I observed that Inga did not establish as fast as would be expected from the literature. 
I attributed these results to a slower initial growth rate of Inga under the tropical mountainous 
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environment compared to the low humid tropical environments; I also observed early defoliation 
by ants and fungi. Other authors also have reported slow carbon accumulation rates on early Inga 
plantations (Douterlungne et al., 2013; Lojka et al., 2012). 
Once young Inga trees have surpassed the early years they become successfully 
established on the field and experience a rapid growth. This might be why I found higher carbon 
sequestration on old coffee parcels, compared to previous studies (Montagnini and Nair, 2004; 
Soto-Pinto et al., 2009).  The main driver for carbon sequestration on these parcels is the age of 
trees, which in this case also leads to longer residence time for the carbon sequestered in the 
biomass compared to estimations in younger parcels. In this region, slope and elevation has been 
correlated to biomass accumulation on Inga (Hernández-Vasquez et al., 2012). Another 
important factor is management by farmers. Farmers actively recruit and care for Inga trees for 
their use in shaded coffee (Valencia et al., 2016), leading to a higher density of Inga trees. In my 
study, I documented a high density of trees at early, and intermediate aged coffee parcels. Less 
density of trees at old coffee parcels might be attributable to natural decay and firewood 
extraction by farmers (personal communication Silvestre Martinez 2016). 
One final factor affecting our estimations of carbon sequestration on old coffee parcels 
are the allometric equations, which are said to overestimate carbon sequestration on trees 
(Duncanson et al. 2015). I used a fixed value for carbon on trees, 50%, (IPCC 2007), whereas 
Inga trees might contain less carbon. Hernández-Vasquez et al. (2012) obtained a value of 40.8% 
carbon in Inga trees. 
 
Species richness and diversity in coffee parcels. I expected to find higher species 
richness and diversity in early coffee parcels because farmers might be encouraging or tolerating 
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(not removing) more tree species at early succession from fallow lands to shaded coffee. 
However, this was not the case, and I did not find significant differences among coffee parcels 
regardless of their ages. This result might have been due to Inga being used to shift from treeless 
land uses, such as the mono-crop sugar cane to shaded coffee. In such cases, sugar cane does not 
tolerate shade; hence Inga is the only species planted between sugar cane plants, which is 
allowed to grow until the shade of the trees impedes sugar growth, this happen about 5 to 7 years 
after Inga planting. Coffee plants are introduced into sugar cane plots once the Inga trees provide 
shade (Fig. 4.1). Succession from sugar cane to shaded coffee results in low species richness and 
low diversity at early stages. In land succession from fallow lands to shaded coffee, farmers 
cultivate and recruit more species at the beginning of succession; including several legumes, 
which leads to a higher species richness (Fig. 4.2).  
 
 
Figure 4.1 Land succession from sugar cane to shade coffee using Inga Vera Willd. Inga trees 
are recruited and allowed to grow until shading of trees impedes sugar cane growth, at which 
time coffee is planted.  
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Figure 4.2 In land succession from fallow land to shaded coffee more species are cultivated, for 
example, Inga spp., Cajanus cajan L. Millsp., and Albizia spp. 
 
Foliage inputs. Inga foliage inputs (1548 kg C ha-1 yr-1), and coffee foliage (681 kg C 
ha1 yr-1) into soils were lower than values reported by Mamani-Pati et al., (2012) for shaded 
coffee with similar age (2913 kg C ha1 yr-1 Inga foliage, and 1125 kg C ha-1 yr-1 coffee foliage). 
However, total litter inputs (3096 kg C ha-1 yr-1), was higher than previously reported by 
Hergoualc’h et al., (2012) (2 200 kg C ha-1 yr-1).  
Since most of the carbon sequestered by Inga trees remains in the standing biomass in 
stems and branches, litter fall is key for carbon inputs into soils. In this case, most litter inputs 
come from Inga foliage, which annually contributed with more than 50% of total litter. In this 
study, coffee foliage contributed with a total of 22% of carbon inputs to soil. My results are 
comparable to values for Inga and coffee foliage reported by Mamani-Pati et al. (2012), in which 
Inga leaf litter contributed with 70% of total litter and coffee foliage provided 24% of total litter 
biomass. In our study coffee foliage inputs were an exceptional contribution attributed to 
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defoliation due to the incidence of the coffee leaf rust (Hemileia vastatrix Berk & Broome). 
Coffee defoliation was more severe in November 2015, and January 2016 when falling coffee 
foliage contributed with 54% and 37% of total litter.   
Nutrient cycling through foliage inputs is fundamental for the ecological sustainability of 
shaded coffee. Mamani-Pati et al. (2012) found that the nutrients recycled through plants in three 
strata exceeded the amount of nutrients removed in green coffee beans. Several authors report 
that litter deposition values in shaded coffee is similar to natural forest (Celentano et al., 2011; 
Notaro et al., 2014). My results also indicate that Inga trees are contributing with significant 
amounts of foliage inputs to soils under shade coffee (Table 4.5), which ultimately will 
contribute to nutrient cycling and to carbon sequestration into soils.  
 
Inga as an ecological driver. This research suggests that Inga is being used as an 
ecological driver in the Zapotec farming systems. This species is used to shift from treeless land 
uses such as mono-crop sugar cane and fallow lands to shaded coffee.  
Land under sugar cane has the least carbon and nitrogen from all land uses comprising 
the Zapotec agroforestry (Chapter III). The use of Inga to shift from sugarcane to shaded coffee 
involves an ecological restoration process, in which Inga perform critical roles. Inga, through 
litter fall, helps to build up organic matter, and restore soil fertility. It functions as a pioneer 
species and helps the seedling of other plant species (Nichols et al., 2001; Nichols and Carpenter, 
2006), for instance, Cedrela odorata L. and Chamaedora tepejilote Liebm. Once Inga is fully 
established it contributes to control of soil erosion, and to provide shade for coffee. Eventually, a 
well-established shaded coffee will provide food and refuge for wildlife. By planting Inga, 
Zapotec farmers are reversing the trend of soil organic carbon loses in croplands (Notaro et al., 
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2014). This agroforestry is increasing organic carbon, when shifting from treeless land uses to 
shaded coffee. 
Trends in carbon sequestration in shaded coffee supports my claims. I determined several 
patterns for carbon sequestration in shaded coffee. I found that the age of coffee parcels is highly 
correlated to biomass gains by Inga trees, as given by increases in height and diameter, which is 
reflected in carbon rates per hectare and ultimately in total aboveground biomass. Moreover, in 
old coffee parcels (>25 years) litter fall from Inga contributes with more than 50% of total litter 
input. 
The use of Inga for ecological succession and soil restoration is a carefully planned 
management practice by farmers because Inga seedlings must be introduced into productive 
sugarcane plots and nurtured until they outcompete sugarcane. It is only then that Inga can 
provide perceived benefits. 
 
Limitations and recommendations 
 In this study, I did not quantify shrubs and weed species which are indicators of diversity 
on indigenous land management in Oaxaca (Pérez-García and del Castillo, 2016). For example, 
shrub species might be more abundant, hence better indicators of diversity in transitional stages 
of shaded coffee, such as from sugarcane and fallow lands to shaded coffee. Shrubs might also 
be providing refuge for birds. I use allometric equations to estimate carbon sequestration to avoid 
destructive sampling of trees. Due to the heterogeneous conditions in which shaded coffee is 
practiced, destructive sampling is recommended for better estimations.  
In the foliage input study, it is important to expand the sampling to new and intermediate 
coffee parcels to establish litter dynamics in early plantations and to determine their role in 
nutrient cycling. However, litterfall increases steadily in the first years, and once the canopy 
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closes, litterfall stabilizes; it does not increase more even in older age stands (Celentano et al., 
2011).  
Given that these are dynamics systems, carbon sequestration and soil fertility monitoring 
are necessary to maintain the integrity of ecological functions (carbon sequestration and soil 
fertility). For example, I did not find records of changing old coffee plantations to annual crops, 
but given recent low coffee prices and fungal disease, people might want to explore more 
lucrative crops. This alternative crops must be introduced respecting the established traditional 
systems. For example, without changing the vegetation structure that provide valuable ecosystem 
services.  
 
Conclusions  
Carbon sequestration estimated for intermediate and old Inga shaded coffee plantations in 
Zapotec farming is similar to previously reported values in other settings. However, the carbon 
sequestered have longer residence times compared to more intensively managed shade coffee. 
Furthermore, I did not find records of farmers changing old coffee parcels to annual cropping. 
     Foliage inputs from Inga trees contributed with more than 50% of total litter inputs 
into soils, since this is the main way for transferring organic matter and mineral elements from 
above stratum to soils, Inga litter fall plays a crucial role in soil nutrient cycling.  
This research is the first report about the use of Inga tree as a driver of succession on 
indigenous land management. This planned succession contributes to restoration of soil fertility 
and carbon sequestration. The documentation of such indigenous soil fertility restoration 
approaches is a worthy research endeavor that could serve both indigenous farmers and 
ecologists.  
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CHAPTER 5 IMPROVING MILPA YIELDS AND SOIL FERTILITY WITH Inga vera 
MULCHING DERIVED FROM SHADED COFFEE. BUILDING NEW LINKS IN 
ZAPOTEC AGROFORESTRY.  
 
Abstract  
In the tropical mountain environment of the Sierra Norte of Oaxaca Mexico, soil acidity, 
causing low cation exchange capacity and low phosphorus availability might be limiting factors 
for productivity in traditional milpa. Conventional approaches, with improved seeds and 
fertilizers, might not be applicable in these low inputs systems; instead, more ecologically sound 
options are required. These alternatives must use locally available materials and be economically 
feasible for farmers. In this research, I evaluated the effect of mulching with leaves from the 
leguminous tree species Inga vera Willd. and the application of organic fertilizer Bio-orgamin on 
soil’s physicochemical properties (pH, available phosphorus, and exchangeable cations) and 
yields in traditional milpa. A complete randomized block design was used to establish six 
treatments with four replicates (including a control). Experimental plots were 25 m2. Corn and 
bean seeds were sown on June 15, 2016. After 25 days, plots were mulched with fresh Inga 
leaves (equivalent to 15 Mg of air dry leaves ha-1), and fertilized either with ammonium sulfate 
[(NH4)2SO4], at the local dosage of 235 kg ha-1, or with the organic fertilizer Bio-orgamin at a 
dosage of 1 Mg ha-1. The treatment of Inga mulch with Bio-orgamin, and Bio-orgamin improved 
the soil pH to threshold levels for corn productivity, and increase exchangeable Ca. The 
treatment Inga mulching with Bio-orgamin also yielded 36% more corn and 26% more corn 
stover than the control treatment. These results suggest the potential use of Inga mulch and Bio-
orgamin to improve soil, and yields in low input milpa systems. 
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Introduction 
Extension programs in the Sierra Norte of Oaxaca have failed to address the constraints 
in traditional agriculture, primarily low yields in milpa, soil erosion, and low soil fertility 
(Browning, 2013; Eakin, 2005; Fox and Haight, 2010). Traditional approaches with improved 
seeds and fertilizers have not taken into account the complexities of the natural and 
socioeconomic landscape. This landscape is comprised of: steep slopes, soil acidity, low 
phosphorus availability, changing climatic patterns, and low investment capabilities from 
farmers (Fox and Haight, 2010; Juo and Franzluebbers, 2003; Ordóñez and Rodríguez, 2008; 
Rogé et al., 2014). For example, the use of fertilizer ammonium sulfate acidifies the soil (chapter 
3), hence more ecologically-sound options must be developed. These options should be aimed at 
using locally-available materials, and be economically feasible for farmers (Altieri and 
Koohafkan 2008; Lasco et al. 2014; Kumar et al. 2014; Lemessa and Wakjira 2015).  For 
instance, sustainable agricultural practices including no-till farming, application of compost and 
mulch, legume cover crops, and agroforestry (Lal, 2004).  
Agroforestry practices that add mulch to annual cropping have been proposed as 
alternatives to the use of chemical fertilizers to increase low productivity in traditional farming. 
For instance, Inga trees are used successfully to provide shade for coffee and cacao plantations, 
in annual cropping, with practices such as alley cropping, Inga trees provide organic matter and 
protects the soil from erosion. Inga have characteristics that makes them valuable for ecological 
restoration, for example it can tolerate and grows well on acid soils (Hands 1998), Inga exhibit a 
rapid growth, and has high biomass productivity (Leblanc et al., 2006). Inga is a leguminous 
species that fixes nitrogen; in alley cropping the pruning of these trees provides nutrients, and 
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form a permanent mulch cover that helps to control weeds, and protect the soil from erosion 
(Leblanc et al., 2006). 
As I elaborated in Chapter 3, the “Zapotec agroforestry” is composed of land uses 
organized spatially and temporally, following a managed succession by farmers (Toledo et al. 
2003). Previous results indicate that these land uses have differences in fertility and soil carbon 
(Chapter 3). Moreover, in chapter 4 it was established that land under Inga shaded coffee 
produce high inputs of carbon, both in standing biomass and as foliage-litter inputs to the soil 
surface. I claim that the links among these land uses can be strengthened by exporting organic 
matter from the more productive systems to the less productive.  
In this chapter, I imported foliage from the shade tree, Inga vera Willd. and use it as 
mulch to milpa cropping, a system that is less fertile as given by soil fertility indicators (Low pH, 
low CEC, low BS) (Chapter 3).   
Mulching provides multiple benefits to soils and crops. It reduces radiation and heat on 
newly planted soil, thus inhibit moisture losses and conserve soil water over a long period; Inga 
also absorbs the kinetic energy of falling rain, hence reduces soil erosion (Altieri et al., 2008); 
Inga mulch forms a physical barrier that suppress weeds (Kumar et al., 2014; Rosemeyer et al., 
2000). Mulch provides a source of organic matter, which in the long term could contribute to 
restoring soil fertility, given that organic matter is a source of nutrient reserves, and increase 
cation exchange capacity (Brady and Weil, 2016). These benefits of mulch are essential to 
traditional milpa in the Sierra Norte Oaxaca because it is implemented in steep slopes, is rain fed, 
and weeding is done manually. 
The mulch material here, Inga vera Willd., is a leguminous tree species that can fix 
atmospheric nitrogen. Hence it can provide nutrients to crops and increase nutrient cycling 
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(Atangana et al., 2014). Nitrogen concentration in fresh Inga foliage fluctuates from 2.7% to 
3.5% (Leblanc and Mcgraw 2004; Lojka et al. 2012); used as mulch it could potentially 
contribute approximately 30 Kg of N Mg-1 of leaf matter applied to the soil.  
 In the tropical mountain environment of the Sierra Norte, soil acidity that causes low 
cation exchange capacity and low phosphorus availability might be a limiting factor for 
productivity (Juo and Franzluebbers, 2003) (Chapter 3). At a soil pH below 5, phosphorus is not 
available to plants due to sorption on iron and aluminum oxides (Raboin et al., 2016). Hence, 
there is also a need to correct soil acidity and improve phosphorus availability.  
Commercial sources of lime such as dolomitic lime (CaMg(CO3)2), and calcitic lime 
(CaCO3) have been used successfully to correct problems associated with soil acidity in tropical 
areas (Amaral and Costa, 2015; Castro and Munevar, 2013; Pool-Novelo et al., 2000; Raboin et 
al., 2016). However, liming might not be economically feasible in low input agriculture; instead 
a locally available organic product Bio-orgamin could be to use to increase soil pH, available 
phosphorus, and exchangeable cations. Bio-orgamin is an organic product made from compost, 
minerals rocks, and soil microorganisms. Bio-orgamin contains 6100 mg l-1 of Ca, 3180 mg l-1 of 
Mg and a pH of 6.73 (Appendix E).  
To date little research has examined approaches to enhance nutrient cycling and 
productivity on traditional milpa while respecting the traditional milpa system (Vergara-Sánchez 
et al. 2005; Vergara-Sánchez and Etchevers-Barra 2006). The objective of this research was to 
determine the effect of mulching with leaves from the leguminous tree species Inga Vera Willd., 
that is part of the shaded coffee sub-system, and the application of organic fertilizer Bio-orgamin 
on soil physicochemical properties (pH, available phosphorus, and exchangeable Ca, and Mg) 
and yields in traditional milpa.   
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Materials and methods  
Experimental design. The experimental set-up was a completely randomized block 
design (CRBD) with six treatments and four blocks. Treatments were as follows: 1. Control, 
without fertilizer, and without mulching (CON); 2. Fertilized with mmonium sulfate (AMS); 3. 
Fertilized with Bio-orgamin (ORG); 4. Mulched with Inga (MUL); 5. Mulched with Inga + 
Ammonium sulfate (MUL+AMS); and 6. Mulched with Inga + Bio-orgamin (MUL+ORG). 
Land for cropping was prepared following local customs. Shrubs and weeds were slashed with 
machetes on May 31, 2016, once the residues dried it was burnt to allow for land plowing. The 
land was plowed with oxen on June 13, 2016. Once the ground was prepared I constructed the 
experimental plots using stakes and cord. Experimental plots were 5x5 m (25 m2). A safeguard 
zone of 4 m was left among experimental plots. I used a local variety of white corn that is 
broadly used as a staple for tortillas and food derived from corn mass. This variety achieves 
maturity at about 150 days. Four maize seeds were sown at a distance of 0.8 m within rows and 
0.8 m of distance between plants, within each row. I used the local variety of black beans 
(Phaseolus vulgaris L.) frijol negro as an intercrop within the maize rows. This variety is widely 
used in milpa systems and has social acceptance as a staple crop and as a cash crop. Four black 
bean seed were sown within the maize rows at a distance of 0.4 m between rows and plants; 
maize and beans were sown with the help of a wooden stake on June 15, 2016. Weeding was 
done manually with hoes after 25 days of planting. After weeding, fresh leaves of Inga, collected 
in neighboring coffee plots, were added as mulch. The approximate dosage was 15 Mg of air dry 
leaves ha-1, which surpasses the recommended dosage of ground coverage in no tillage systems 
(Kusdra and Lima, 2015). Experimental plots were fertilized either with ammonium sulfate 
[(NH4)2SO4], at the local dosage of 235 kg ha-1, or with the commercial organic fertilizer Bio-
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orgamin at a dosage of 1 Mg ha-1, recommended by the producer, for soils’ fertility 
improvement.  
Crop variables. Corn and bean were harvested and processed following local 
procedures. Bean was harvested by hand, at maturity (about 90 days), on September 15, 2016. I 
excluded one row at the border of the experimental plots to eliminate edge effects. Harvest was 
classified in biomass in straw, and biomass in beans. Biomass in beans was sun dried for three 
hours; biomass in straw was air dried for one week and then weighed. Maize was harvested by 
hand, at maturity (about 140 days) on November 05, 2016. I excluded one row at the border of 
the experimental plots to eliminate edge effects. Maize biomass was classified as corn biomass 
and Stover biomass. Corn biomass was sun dried for four days. Stover biomass of air dried, and 
oven dried weight was computed from subsamples. Dried samples were weighted on a digital 
scale (5,000 g/0.1g). 
Soil variables. Two soil depths: 0-10 cm (topsoil) and 10 to 20 cm (subsoil) were 
sampled on each experimental plot on November 25, 2016. Soil samples were air dried, ground 
and sieved for analysis. Soil samples were transported to the soils laboratory of the CIIDIR-IPN 
in Oaxaca, Mexico for analysis of pH and available phosphorus (P), and exchangeable cations 
Ca, and Mg. Available phosphorus was analyzed with the Bray and Kurtz 1 method, and soil pH 
was analyzed using a 1:2 mixture soil to deionized water ratio. Soil analysis was performed 
according to the Official Mexican Norm (SEMARNAT, 2015).  
Land equivalent ratio (LER). Given that milpa is an intercrop of corn and beans I 
measure productivity using the land equivalent ratio (LER). The LER compares the yields from 
growing two or more crops together with yields from growing the same crops in monocultures or 
pure stands, hence allowing to assess the effect of both beneficial and negative interactions 
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between crops (Bedoussac et al., 2015). LER gives a ratio that indicates the amount of land 
needed to grow both crops together compared to the amount of land needed to grow pure stands 
of each. An LER greater than 1.0 usually shows that intercropping is advantageous and less than 
1.0 shows it is disadvantageous. 
LER was computed as follows: 
LER=yield of intercrop1/yield of pure crop1+yield of intercrop2/yield of pure crop2 
For reference values for yields of pure stands of corn and beans, I used the average yield of corn 
(0.8 Mg ha-1) and beans (0.6 Mg ha-1) grown under non-irrigated conditions in Oaxaca 
(Pimentel et al., 2015).  
Data analysis. The effect of treatments on soil physicochemical variables and crop yields 
were determined using analysis of variance (ANOVA) (R Core Team, 2016). Means among 
treatments were compared using the Tukey test at α=0.05 (De Mendiburu, 2009). I also 
computed Pearson’s correlation coefficients to assess the relationships among variables.   
 
Results 
Effects of treatments on milpa’s yield. Treatment effects of mulch with Inga leaves plus 
organic fertilizer Bio-orgamin (MUL+ORG) were detected for milpa yields (Table 5.1). For 
corn, this yield was 36% higher than the control treatment (CON), whereas for corn stover the 
yield was 26% higher than the control treatment. The yield of MUL+ORG was not statistically 
different than the treatment ammonium sulfate (AMS) which yielded 44% more corn and 23% 
more corn stover, compared to the control treatment (Table 5.1). Treatments mulched with Inga 
(MUL) and Bio-orgamin (ORG) alone were not statistically different that the control treatment. 
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These results suggest a compound effect when using Inga mulch plus Bio-orgamin; this 
treatment could be used to substitute the traditional use of ammonium sulfate. 
The yield of beans was statistically significantly different between Bio-orgamin (ORG) 
and ammonium sulfate (AMS); the organic fertilizer Bio-orgamin yielded 40% more beans than 
the treatment with ammonium sulfate. There were not significant differences in bean stover 
yields (Table 5.12). 
The use of the land equivalent ratio (LER) allowed us to assess the overall productivity of 
milpa, by taking into account the yield of both associated crops, corn, and beans. Our results 
indicate that the intercrop of corn and beans made an efficient use of land because for all the 
treatments LER was ≥ 1 (Table 5.12). 
Table 5.1 Comparison of means of milpa’s yield as a result of mulching and fertilization 
treatments.   
TREAT 
CORN 
(Mg ha-1) 
MAIZE STOVER 
(Mg ha-1) 
BEANS 
(Kg ha-1) 
BEAN STOVER 
(Kg ha-1) LER 
AMS 0.91 a 1.79 ab 195.3 b 193.3 a 1.5 a 
 (0.08)  (0.09)  (56.4)  (50.7)  (0.03)  
MUL+ORG 0.79 ab 1.91 a 277.6 ab 223.3 a 1.4 a 
 (0.10)  (0.20)  (54.6)  (64.0)  (0.11)  
MUL+AMS 0.76 abc 1.55 abc 321.2 ab 223.3 a 1.3 ab 
 (0.11)  (0.04)  (45.8)  (39.0)  (0.05)  
MUL 0.57 bcd 1.49 bc 272.7 ab 191.9 a 1.1 bc 
 (0.05)  (0.15)  (43.2)  (54.8)  (0.12)  
CON 0.51 cd 1.38 c 246.8 ab 196.7 a 1.1 bc 
 (0.18)  (0.13)  (33.5)  (35.8)  (0.14)  
ORG 0.39 d 1.34 c 330.6 a 234.4 a 1.0 c 
 (0.09)  (0.12)  (66.4)  (78.5)  (0.0)  
CON: Control. AMS: Ammonium sulfate. MUL: Inga mulching. ORG: Orgamin. MUL+AMS: Inga mulching plus 
ammonium sulfate. MUL+ORG. Inga Mulching plus orgamin.  
*Means with the same letter are not significantly different (Tukey α=0.05). 
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Soil pH, available phosphorus, and exchangeable cations Ca, and Mg. I found 
statistically significant differences on the mean values of soil pH, and Ca (α=0.05) among 
treatments. In the topsoil (0-10 cm) treatments Inga mulching plus Bio-orgamin, and Bio-
orgamin increased the soil pH to values within the threshold recommended for corn production 
(Table 5.2).  
Table 5.2 Comparison of means of soil pH and phosphorus at the topsoil (0- 10 cm) and at 
the subsoil (10 – 20 cm) as a result of mulching and fertilization treatments.  
 pH P(mg kg-1)  Ca (mg l-1) Mg (mg l-1) 
 Topsoil (0-10 cm)   
ORG 5.6 a* 18.02 a 1179.0 a 189.3 a 
 (0.1)  (1.2)  (279.5)  (62.7)  
ORG+ING 5.4 ab* 17.23 a 1115.0 a* 172.7 a* 
 (0.3)  (1.2)  (226.7)  (32.5)  
ING 4.5 bc 16.95 a 790.0 ab 131.7 a 
 (0.2)  (2.0)  (146.0)  (65.7)  
AMS 4.9 c 15.31 a 532.3 b 83.0 a 
 (0.3)  (2.5)  (133.5)  (22.5)  
AMS+ING 4.9 c 18.05 a 652.7 ab 101.0 a 
 (0.2)  (2.0)  (130.4)  (26.7)  
CON 4.8 c 15.09 a 514.0 b* 111.8 a 
 (0.13)  (1.3)  (206.3)  (48.8)  
 Subsoil (10-20 cm)   
ORG 5.27 a* 17.58 a 958.5 a 156.5 a 
 (0.1)  (1.2)  (266.0)  (35.2)  
ORG+ING 4.97 ab* 16.57 a 654.3 ab* 82.67 ab* 
 (0.2)  (2.2)  (125.8)  (28.0)  
ING 4.95 ab 17.62 a 717.7 a 113.0 ab 
 (0.1)  (0.8)  (128.0)  (49.6)  
CON 4.93 ab 14.87 a 130.7 b* 40.26 b 
 (0.1)  (2.3)  (41.2)  (22.4)  
AMS+ING 4.72 b 15.32 a 588.5 ab 88.0 ab 
 (0.1)  (1.2)  (34.6)  (16.0)  
AMS 4.67 b 16.98 a 675.5 a 89.0 ab 
 (0.3)  (3.4)  (359.7)  (41.4)  
- Means followed by the same letter (for a given soil depth) are not significantly different using Tukey’s test at α= 
0.05. Within the same treatment (*), indicate significance between soil depths. Tukey’s test at α= 0.05 
 
Treatments Inga mulch plus Bio-orgamin, and Bio-orgamin also appeared to increase the 
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concentration of Ca, which was about two fold compared to the control treatment and the 
treatment with ammonium sulfate. At the subsoil (10-20 cm) the use of Bio-orgamin achieved a 
final soil pH of 5.27. The application of ammonium sulfate resulted in a very acid pH (pH 4.27) 
(Table 5.2), suggesting soil acidification due to the use of ammonium sulfate. There were not 
significant differences among treatments for available phosphorus neither at the topsoil (α=0.05) 
nor in the subsoil (Table 5.2).  
Between soil depths there were statistically significant differences for pH within the 
treatments Inga mulching plus Bio-orgamin, and Bio-orgamin; pH was higher in the topsoil. 
Within the treatment Inga mulching plus Bio-orgamin I also found higher concentrations for Ca 
and Mg at the topsoil. Mean values for Ca concentration were also higher for control treatment at 
the topsoil (Table 5.2). 
 
Correlation among variables. A strong positive correlation was detected among 
variables pH, Ca and Mg (Table 5.3). Likewise, phosphorus availability at the topsoil was 
correlated to exchangeable Mg.  
Table 5.3 Correlation among yield and physicochemical variables. 
 
Subsoil pH Topsoil Ca Subsoil Ca Topsoil Mg Subsoil Mg 
Corn stover 0.08 0.38  0.18  0.50*  0.39  
Topsoil pH 0.82* 0.92* 0.81* 0.68* 0.62* 
Topsoil Phosp 0.28  0.49  0.37  0.51* 0.46* 
Subsoil pH 1.00 0.73* 0.77* 0.54* 0.59* 
Subsoil Phosp 
 
0.36  0.09  0.42 0.33  
Topsoil Ca 
 
1.00 0.86* 0.66* 0.62* 
Subsoil Ca 
  
1.00 0.51* 0.61* 
Topsoil Mg 
   
1.00 0.92* 
* refer to significance level P < 0.05 
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Discussion 
Treatments of Inga mulch with Bio-orgamin and Bio-orgamin appeared to improve soil 
pH, to the threshold level for corn production (Lafitte, 1993). This increase in pH was expected 
to have positive effects on the availability of cations Ca, Mg and on available phosphorus 
(Fageria and Baligar, 2008). However, I only detected an increase in Ca concentration at the 
topsoil. I also expected a positive effect on corn yield. But, in this research the corn yield was 
higher than control treatment only when using Bio-orgamin in combination with Inga mulch. 
Hence, there was a compound effect with Bio-orgamin and mulch with Inga leaves. In other 
studies, reported by Kusdra and Lima (2015), the researchers found high corn yields on fields 
enriched with Inga trees even without mineral fertilizers. 
 Mulching with Inga leaves performed key roles in corn production by functioning as a 
physical barrier that retained moisture and suppressed weeds (Kumar et al., 2014; Rosemeyer et 
al., 2000). Moreover, the mulch from this nitrogen fixing species might have contributed to 
increasing nitrogen status on the soil (Atangana et al. 2014), and encourage mycorrhizal 
development which aided nutrient uptake in corn (Hands et al., 1995). This result suggests the 
potential of the treatment Bio-orgamin plus Inga mulch as a substitute to traditional ammonium 
sulfate fertilizer which might be causing soil acidification (Upjohn et al. 2005).  
Soil pH improvement with Bio-orgamin was efficient compared to agricultural lime. 
Specifically, I increased the soil pH to acceptable levels for corn production using 1 Mg of Bio-
orgamin ha-1. A final pH of 5.5 using Bio-orgamin is similar to the use of 4 Mg of CaCO3 ha-1 
(Castro and Munevar, 2013), and 3.8 Mg of CaMg(CO3)2 ha-1 (Amaral and Costa, 2015; Raboin 
et al., 2016). I expected that this increase in pH will also have a positive effect on the availability 
of cations Ca, and Mg, such as reported by several authors (Amaral and Costa, 2015; Pool-
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Novelo et al., 2000). I only detected an increase in the concentration of Ca. It appears that Bio-
orgamin did not have an effect on available phosphorus such as when using lime (Amaral and 
Costa, 2015; Crusciol et al., 2016; Pool-Novelo et al., 2000). The increase in milpa yields, corn, 
and corn stover, with treatment Bio-orgamin plus Inga mulch, parallel previous results of 
improving the soil with lime in tropical soils (Crusciol et al. 2016). Specifically, the magnitude 
of increase in corn yield (36%) is comparable to the 30% increase when using dolomitic lime 
(Spadotti et al., 2015). Moreover, the increase in milpa yield with Bio-orgamin plus Inga mulch 
is similar to the state of Oaxaca average yield for corn (0.8 Mg ha-1) (Pimentel et al., 2015).  
A similar pattern was observed for corn stover in which the treatment of Inga mulch with 
Bio-orgamin produced 28% more corn stover than the control treatment. This result is also 
comparable to the use of lime (Crusciol et al. 2016). This gain in corn stover is important for 
farmers since it is used as feed for cattle and oxen. The residuals are left to decay and 
incorporated as organic matter to the soil contributing to nutrient recycling (Murphy et al., 2016). 
Treatment with ammonium sulfate yielded more corn than the average yield in Oaxaca 
(0.8 Mg ha-1), stressing that nitrogen might be a limiting factor for productivity in this system. 
However, the current source of nitrogen, ammonium sulfate [(NH4)2SO4], used by most farmers 
in Lalopa, has the greatest potential for soil acidification (Upjohn et al. 2005). Non-acidifying 
fertilizers, such potassium and calcium nitrate, are not affordable in low-input agriculture. 
Alternative management such as nitrogen-rich mulch and organic fertilizer, as is described here, 
is important to explore.  
Treatment Bio-orgamin yielded 40% more beans compared to the application of 
ammonium sulfate. It appears that organic fertilizer Bio-orgamin stimulated biological nitrogen 
fixation, whereas the ammonium sulfate suppressed it, which might be due to the presence of the 
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nitrogen fertilizer (Rosemeyer et al., 2000). The highest bean yield with treatment Bio-orgamin 
(intercropped with corn) was about half of the average yield in the state (0.6 Mg ha-1) (Pimentel 
et al. 2015) (beans sown as a sole crop).  
The land equivalent ratios (LER) obtained in this research showed that traditional milpa 
as practiced in the region made an efficient use of land. For the AMS treatment, a LER value of 
1.5 indicates that it will be necessary to use 50% more area to obtain the same yields in pure crop 
stands. An LER value of 1.1, for the CON treatment, indicates that 10% more land is needed to 
obtain the same yields in pure crop stands (Bedoussac et al., 2015). These results are important 
because traditional milpa is being threatened by changing cultural preferences and by modern 
cropping methods. For instance, some farmers argue that it is easier to weed mono-cropped corn 
compared to corn intercropped with beans. But, our results in land equivalent ratios (LER) 
indicate that traditional milpa make more efficient use of land, which also translates into more 
efficient use of hand labor since less land is used to obtain the same yield as in pure stands. 
Moreover, milpa intercropping has multiple advantages such as a more efficient use of water, 
sunlight and nutrients (Bedoussac et al., 2015). 
 
Limitations and recommendations. I established an experiment on a farmer’s field, 
following traditional cropping methods. Hence I faced some of the farmer’s constraints. For 
instance, land preparation was delayed one month while I waited for the onset of rain. I also lost 
many plants due to defoliation by ants and due to damage by winds. All this increased the 
experiment variability. Nevertheless, results from this experiment allow me to make 
recommendations for future research. 
The use of the organic fertilizer Bio-orgamin had a positive effect on soil pH, and Ca; 
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now it is necessary to expand the soil analysis to establish possible effects of Bio-orgamin on 
soils aluminum (Al), since this element is responsible for phosphorus fixation and is closely 
related to phosphorus availability. In this experiment I did not find effects of Bio-orgamin on 
phosphorus availability.  The soil was analyzed six months after the treatment was applied, so it 
may necessary to do a follow-up analysis to establish possible residual effects of the treatments 
on the soils. This analysis will allow comparison with liming since in some cases the positive 
effect of liming was only observed after two years, also in some cases, there were residual effects 
after six years (Costa et al., 2016). 
Treatment Bio-orgamin with Inga mulch showed promise to improve soil 
physicochemical characteristics and increase yields in traditional milpa. However, it is necessary 
to continue this line of research because Bio-orgamin did not have an effect on available 
phosphorus on the short term. Alternative sources of slowly-available phosphorus such as rock 
phosphate could be investigated. Similarly, alternative non-acidifying sources of nitrogen could 
be explored because it appears that nitrogen is also a limiting factor for productivity in this 
farming system. 
Practices such as importing organic matter from forest ecosystems to annual cropping 
have been previously reported (Olofson, 1983). However, this is the first study on importing 
organic matter from shade coffee to milpa cropping. The possible reduction of ecological 
services in coffee as a result of this organic matter extraction must be carefully considered and 
evaluated. Shade coffee covers large expanses in Zapotec agroforestry hence it could provide 
enough organic matter to annual milpa cropping practiced at a smaller scale.    
It is critical to continue this line of research because with the proposed improvements I 
did not surpass the average corn yield in the state of Oaxaca. It is necessary to keep exploring 
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alternatives to chemical fertilizers because milpa is a low input system. Hence fertilization with 
mulches and organic sources might be the best suitable pathway for this traditional farming. 
 
Conclusions  
 New links among agroforestry lands uses in Zapotec farming might be developed through 
exporting carbon from more productive parts of the system, specifically by importing Inga 
foliage to milpa. Treatment with organic fertilizer Bio-orgamin increased soil pH, and 
exchangeable Ca, both at the topsoil and at the subsoil suggesting its potential use to improve 
soil fertility. The combined treatment Bio-orgamin with Inga mulch increased corn and corn 
stover yields. This treatment could be used to improve both soil physicochemical characteristics 
and increase yield under traditional low input milpa systems. 
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CHAPTER 6. AUTO-ETHNOGRAPHY: STUDYING MY COMMUNITY  
 
Introduction  
My interest in studying traditional farming systems are shaped by my experiences as a 
student of agronomy, and as a rural extension agent. I was born and raised within a peasant 
family, and I spent a quarter of my life in a traditional Zapotec community. Studying traditional 
farming seemed like a logical endeavor for me. However, this was not always the case. When I 
studied agronomy, there were few courses on traditional agriculture, and most of the curriculum 
was focused on learning technical agriculture with improved seeds, agrochemicals, and 
specialized machinery. Except for one course on ethnobotany, the rest of the curriculum was 
focused on commercial agriculture. As a professional I started working for government-funded 
rural extension programs; these were also focused on bringing technological improvements into 
traditional communities. These early experiences did not spark academic interest in traditional 
agriculture. Nonetheless, I never lost the connection with my community, and I usually engaged 
in farming work without reflecting on the meaning of doing traditional farming and its ecological 
possibilities. Moreover, I have been involved in fostering rural development and improving lives 
in indigenous communities. This focus on rural development helped me to obtain scholarships to 
pursue graduate studies.  
My studies in the graduate program in environmental science GPES at SUNY ESF 
renewed my interest in traditional farming as an object of study. For instance, I learned the 
struggles of native peoples in the USA to preserve and rescue their languages and traditional 
ways lost through colonization. This motivated me to look into my community that is losing 
language and traditional farming due to cultural intrusion. At graduate school, I enrolled in an 
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ethnography class, which motivated me even more to study my community with an ethnographic 
approach. Yet, I had to reconcile my previous experiences with the new ones. On the one hand, I 
have questioned conventional development approaches, usually government-funded, and I have 
witnessed first-hand the functioning or poorly functioning of such strategies. These are designed 
in a top-down manner and do not take into account local ecological and socioeconomic 
conditions. For instance, rural industrialization focuses on growing more profitable crops such as 
tomatoes. Tomato cultivation requires technical knowledge, economic, and natural resources, for 
example, money to invest in infrastructure and a reliable supply of water for irrigation. This 
development approach in a small town in Oaxaca, where such resources are scarce, sprouted a 
conflict between two groups of tomato cultivators who fought over water for irrigation, which 
resulted in sabotaging each other projects until total abandonment (Browning, 2013). Another 
example, is a project for furniture making, which failed because of conflict over allocation of 
resources such as labor that had to be deviated from primary production activities (farming); 
another limitation of the project was the restraint to access of shared resources such as wood for 
the furniture making (Mutersbaugh, 2012). In such projects the farmers become recipients of 
government prescribed actions, and knowledge aimed at fixing the lack of entrepreneurial 
initiatives (Walker et al., 2008). 
Nowadays, I am interested in traditional land management systems and its applications, 
for ecosystem services, and resilience to climate change (Altieri and Nicholls, 2017; Rogé et al., 
2014; Toledo and Moguel, 2012). There is also the issue of my positionality on the field. More 
specifically, I belong to the community I want to study. Fortunately I found in autoethnography a 
methodological approach that allowed me to voice my experiences, concerns, feelings, and 
insights that surged when I researched my community (Ellis, 1999; Ellis and Bochner, 2006).  
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The next sections are organized as follows. First, I included a section on definition and 
description of autoethnography as a qualitative research method. Second, I continue this 
autoethnography using narrative, poems, and pictures (Muncey, 2005). Each new piece has a 
heading denoting the content. Third, I included a section on recommendations for people 
working within their own culture. 
 
Autoethnography 
Autoethnography is a qualitative research method rooted in ethnography “that connects 
the autobiographical and personal to the cultural and social” (Ellis, 2004). Autoethnographers 
might focus on the “research process (graphy), on culture (ethno), and on self (auto)” (Ellis and 
Bochner, 2000). These choices signify the textual representation of one’s own experiences in 
his/her social, political, economic and cultural context (Belbase and Luitel, 2008).  
For example, I engaged in research within my community to study the farming systems in 
which I grew up. Moreover, I also worked in rural development projects within this community. 
Hence, I was able to draw from my previous experiences to describe the functioning of both 
farming systems, and rural development projects. In this process, I was very critical about my 
positionality in the field, specifically about how I related to other people (Spry, 2001).  
In autoethnography, the researcher is both a “subject” (the researcher who performs the 
investigation) and an “object” (a participant who is investigated) (Ngunjiri et al., 2010).  
Autoethnographic authors often write in the first person, which challenges accepted views about 
silent authorship (Charmaz and Mitchell, 1996). The story often focuses on a single case and 
thus breaches the traditional concerns of research from generalization across cases to 
generalization within a case (Ellis and Bochner, 2000). Autoethnographers argue that self-
 101 
reflexive critique upon one’s positionality as researcher inspires readers to reflect critically upon 
their own life experience, their constructions of self, and their interactions with others within 
socio-historical contexts (Ellis and Bochner, 1996). 
Autoethnographic texts can include short stories, poetry, fiction, novels, photographic 
essays, personal essays, journals, fragmented and layered writing, and social science prose (Ellis, 
1999). The autoethnographic research process may follow conventional ethnographic techniques. 
Data are collected by participation, self-observation, interview, and document review; 
verification is achieved by triangulation of sources and contents; the analysis and data 
interpretation aims to decipher the cultural meanings of events, behaviors, and thoughts. At the 
end of a thorough self-examination within its cultural context, autoethnographers hope to gain a 
cultural understanding of self and others (Chang, 2016).  
Pitfalls of autoethnography include the use of self as the only data source, in isolation 
from others (Sparkes, 2000). This tendency leads to autoethnographies that are too “self-
indulgent and narcissistic” (Coffey, 1999); overemphasis on narration rather than analysis and 
cultural interpretation; negligence of ethical standards regarding others in self-narratives (Chang, 
2016). Notwithstanding, the uses of a researcher’s personal experiences as a source of data 
(Marvasti, 2004) is a “powerful and unique tool” to gain access to sensitive issues and inner-
most thoughts for individual and social understanding (Ellis, 1999).  
In my case I was a critic of my research agenda. I had to reconcile the concept of a 
sustainable farming system against evidence pointing in the other direction, for example, slash 
and burn practices are no longer sustainable when the land base have decreased (Tschakert et al., 
2007). I also witnessed soil leaving the croplands in the form of small streams during heavy 
rainfalls. I supported my claims about sustainable farming systems with soil analysis 
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implemented across the landscape, and with evidence of carbon sequestration and biomass 
production.        
On my narrative I included the voices and experiences told by other people. I also 
accepted, and thought about the criticisms I received. For example, when somebody told me that 
I do not rely on farming for my livelihood, instead of hiding on my research positionality, I 
reflected on the implications of such statement for me and for others. I made the argument that 
traditional farmers rely on diverse productive activities, not necessarily related to farming, these 
activities complement each other and provide livelihoods for people.  
The narrative of my journey, begins with leaving my town until now returning to engage 
in research, is a personal narrative that fits within the framework of autoethnographic work. I 
reflected on my experiences both while working for rural development programs, and while 
working now, doing research. I considered the duality of myself, for being an outsider and 
insider (Anzaldua, 1987). I am questioning traditional agricultural extension approaches. I am 
relying on memories (Muncey, 2005), and personal experiences while engaging in fieldwork, 
interviews, and observations. The poems are free verse; they were inspired by lived experiences, 
most of them while doing research. They attempt to convey my positionality in the field, my 
feelings, and my concerns. 
  
The beginning of my journey  
I used to live in a small community in the north of Oaxaca state; at that time there was 
only an elementary school. Therefore, I had to travel to another town, three hours away, to attend 
junior high school. Once, as I was walking uphill, I saw my cousin and another teen playing 
joyfully on the field. They noticed my hesitation to continue climbing the hill, and one of them 
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said to me "Where are you going? Leave that alone. Forget about that. Look at us; We do not 
need to study! Better stay, play with us! Do not go!" Those words touched my heart because, like 
them, I was just a kid wanting to play. I have to confess that the idea of staying came to my 
mind. However, I knew that I needed to continue my way and not listen to such words. Since 
then I have not stopped.  
This is a choice that, at some point, kids from marginalized communities in Oaxaca have 
to face: to stay and continue the farming tradition or to emigrate, either to study or to work. I 
decided to emigrate, and my journey brought me to an American University to pursue graduate 
studies.  
For an international student to pursue graduate studies in an American university 
represents not only a professional and personal success, but also constitutes a privilege that few 
can afford. Moreover, if the person pursuing those studies comes from a historically-
disadvantaged social stratum in their country of origin, the odds shrink. Well, this is my case, 
and it is also the case of thousands of students around the world that each year are recruited by 
international programs such as the International Ford Foundations and the Fulbright Program. 
Now I am here struggling to match my academic pursuits with the professional and personal 
ones, which are also important for me. My modest origin ingrained a deep commitment to the 
development of my community and its people. Now I am here trying to make sense of my 
pursuits. I am reflecting about where I come from, about how I got here, and about how these 
questions are directing my research endeavors.   
My school specializes in environmental issues and sustainable development, and most of 
the discussion focuses on ways to reduce our ecological footprints and find the means to live 
sustainably. For me, it has been difficult to make substantial contributions to those discussions 
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because I face a dilemma. How do I find an intermediate point between the haves, that I belong 
now, and the have-nots, that I come from and will go to back when I finish my studies? Since I 
came here, my ecological footprint skyrocketed. By living and working in a community high 
school, in Oaxaca Mexico, I used to live on budget no higher than $250 a month. Here, in upstate 
NY, my budget is $ 1500 a month. Although I have a graduate student life, I think that I am 
privileged, but my classmates disagree. I believe it is because either they have high expectations 
for future income or they had better incomes before coming here. There are disciplines and 
methodologies to study these dichotomies (Diversi and Moreira, 2009) and a name for people 
like me: in-betweeners (Anzaldua, 1987). These are individuals who are living between two 
worlds and are trying to make sense of both worlds. For example, I have to reconcile my role as 
an outsider who engages in research from a privileged position, with my role as an insider who 
has practiced traditional farming and has been the subject of research. Now I am telling my story, 
the story of my people and the land (Smith, 1999).  
 
The agronomist  
 
I am a worn agronomist, 
I could not get anything from the land,   
Then I have to leave my town,  
Now I am on academic pursuits  
 
I fight for the poor peasant, 
an everyday struggle,  
to make needs met,  
but to live in the fields is pleasant 
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I am from a rural community whose main activity is farming, and I studied agronomy, 
but I have not grown anything myself! Now I am pursuing a doctoral degree and focusing my 
research on improving farming systems for sustainable agriculture! Yet, I have not grown 
anything myself.  
The knowledge and practice of traditional agriculture in indigenous communities is 
passed on from elders to the young in the same way that the mother language is passed on. This 
knowledge is labeled traditional ecological knowledge. It is labeled this way because to practice 
traditional agriculture requires an intimate knowledge about the ecology of the landscape, 
climatic patterns, and a detailed knowledge of the local culture. Given that I emigrated, I did not 
acquire the theory and practice of traditional farming. Perhaps that is the reason for my father’s 
frustrations. When I am in the community I accompany him in the fields, and once he said to me, 
“You are young; you are full of energy; you have so much potential.” I wonder if he is frustrated 
because I have been pursuing academic achievements instead of staying in the community and 
learning how to apply a farming system that has sustained the population for thousands of years, 
and it is the study object of contemporary researchers that are looking for sustainable ways, now 
including me! 
How did I get here? I am the product of a colonizing methodology. If not for the 
colonizing thinking, I could never get the scholarships that brought me here. The standardization 
of culture, consumption and education patterns is the new colonialism (Smith, 1999). Models of 
development based on such standards are being imposed globally. In the case of education, both 
government and non-government organization are fostering global education agendas. For 
example, I was recruited by organizations aimed at promoting leadership skills on indigenous 
peoples by attending graduate school. An “unintended” consequence of such agendas is the brain 
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drain o “Fuga de cerebros” in Spanish. It is estimated that about 60% of doctoral degree holders 
from Mexico are currently residing in the US.  
The following account moved me deeply and made me think more thoroughly when I 
advocate for traditional farming systems.  
 
The snake and my father  
A snake bit my father  
He did not see it coming 
He did not have time for fear 
He just felt the biting  
 
A snake died that day 
My father swung his machete  
And the snake cut in half  
Bothrops asper was her name  
 
My father is old 
A snake bite can be fatal  
His spinal cord felt cold 
Then he had to pray  
 
He talked to his heart 
He relied on his knowledge   
Endure my little heart 
This is just another challenge  
Nobody believed him  
Not my skeptical mother 
Not the hospital nurses  
Not my nurse sister  
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His gums started bleeding 
His soul wanted to rest   
His strength started fading   
Now everybody believes him 
 
After three days in hospital  
Thirty serum units  
And many prayers  
He is back on his feet 
 
A snake died that day 
My father won the battle for life  
But this year's cropping 
the snake took away 
  
Snake bites are not frequent but still happen in my community. Usually, they are not fatal 
if the person receives proper health care. Snakebites have caused some fatalities in the town, 
including one of my uncles.  When a snake bit my father, I had mixed feelings, and I could not 
realize the gravity of his condition until I assessed some facts.  He was in real danger for several 
reasons. He is 65 years-old and his immune system was weak. My father weighs about 120 
pounds. After the snake bite, he had to walk one hour to get back to the community from the 
field where he was working. When he got home, people did not believe him because he looked 
physically well. However, he explained to me that he had to use all his knowledge about mental 
and physical control; that on his way to the community, he was asking to his heart to endure the 
climbing and to resist until he gets medical attention. When he got to the community, they took 
him to the closest hospital, a three-hour drive in the mountains. When he got to the clinic people 
did not believe him (again!) because he still looked physically fine.  
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 My realization about how serious and severe was the danger he faced, came from the 
telephone conversation I had with him once he left the hospital. When I spoke to him, his voice 
was weak and low. Then I realized that my father, who was always in a high spirit and good 
physical condition, was severely wounded, both spiritually and physically. I was planning to joke 
when I reached him, which is what I usually do, however, I forgot about that when I heard his 
voice. Moreover, the gravity of his incident is explained by the fact that he needed 32 units of 
plasma during a period of hospitalization of three days! After the incident, he spent two months 
recovering, hence he could not farm that year. I wrote the above poem to honor his struggle.  
 
The colonizers  
Who are these people? 
Why are they here? 
What do they want? 
 
In the beginning, they conquered us 
First, the freedom was taken,  
Free people become slaves, 
They had to work for a faraway king  
 
Next, there was the cultural conquest 
Before, people worshipped natural elements,  
Because they nurture life,  
Now, they imposed on us an anthropocentric religion 
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First, they come and subdue us 
Now they come and study us 
They take away our knowledge  
They take away our souls 
Now they come and have fun with us 
 
Who are these people what do they want? 
They are called the colonizers  
 
I have not lost contact with my community. I have always been there at least twice a year 
for a couple of weeks each year; during this time, I engage in community activities including 
fiestas, farm labor, and community work. I also have performed some of the duties locals have to 
complete for the community to function. Hence I had the opportunity to witness the workings of 
development programs targeting rural indigenous communities.  
While I was working on the family farm, my father told me his experience while he was 
participating in a rural extension program. The program for elemental technical assistance 
(Programa Elemental de Asistencia Tecnica PEAT in Spanish), a very traditional extension 
program with the aim of improving corn yields. Their underlying principles were to introduce 
technological innovations such as hybrid seeds, fertilizers, and minimum plowing (no-till). At 
this point, the approach seems very logical since they were proposing to improve milpa yields 
with a previously tested technology. However, the rationale of this approach was flawed because 
it implies that what farmers are doing is wrong, and that the technicians have a novel solution to 
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improve what they are doing. First, the technicians fail to take into account that traditional native 
seeds have a genetic pool that allows them to survive unpredictable climatic patterns. Second, 
no-till requires a careful management of weeds, and several herbicide applications, which also 
requires other tools such as backpack pumps that farmers do not have and do not how to use.  
In this experiment the rain onset came late, and the milpa took longer to be thoroughly 
established in the field. The lack of plowing brought weed infestation, which outcompeted the 
milpa. Then the residuals biomass on the parcels (due to the lack of burning and plowing) made 
it impossible for farmers to use the hoe for weeding the parcels. Moreover, the applied herbicides 
did not work.  Finally, the experiment turned out to be a failure with parcels full of weeds 
outcompeting the milpa, possibly discouraging farmers to participate in such future research. The 
experimental treatment proposed by the technicians was described by the farmers as the 
treatment with improved seeds with fertilizers without plowing and without weeding. That was 
hilarious.  
   When I was in college, I was told that rural development programs are ghost programs, 
because they appear and disappear just like ghosts. And, this is just how it is in the field. There is 
no accountability for the results of the development initiatives, and since most of the extension 
agents are outsiders, they do not have any accountability within the communities they serve or 
toward the farmers as users. This is not my case, I have to be accountable for my actions. Also, I 
am interested in producing research that fulfills academic criteria of success and indigenous 
criteria of success (Smith, 1999). 
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You do not rely on farming  
To my sister Paulina, 
 
Peasant,  
Nurse,  
Seamstress,  
Mother of two,  
A fighter. 
 
Traditional farming provides multiple ecosystem services, but it has failed to fulfill 
household needs as it is shown by national statistics. For instance, there is a deficit in maize 
production in Mexico (Donnet et al., 2017). Now, agroforestry practices such as alley cropping 
seem like a promising method to foster traditional milpa (Atangana et al., 2014). However, just 
like other conventional techniques, agroforestry adoption is limited. This low adoption of novel 
techniques within traditional farming communities might be because rural extension schemes fail 
to take into account traditional farmers' belief systems, knowledge, and survival strategies 
(Smith, 1999). Hence, introduced practices that disturb family or community survival might be 
counterproductive (Mutersbaugh, 2012; Walker et al., 2008). For instance, traditional farmers 
rely on various productive activities to satisfy both household and monetary needs, and the 
introduction of a novel practice that diverts labor from an already-established activity is not 
readily accepted. Take for example the story of Paulina.  
Paulina, my sister, left town at age nine and emigrated to Mexico City to finish 
elementary school. Then she returned home and studied junior high school in a village three 
 112 
hours away. Later, she studied professional nursing in Oaxaca city. Paulina always wanted to 
work for the health system in Mexico; she wanted to be a nurse in my hometown, but that did not 
happen. She did not find the opportunities to do that, most critically someone who can leverage 
for her in the public system. So, she stayed in my town, married and had children.  
Paulina helped me with fieldwork collecting Inga foliage from coffee plots and weeding 
milpa plots. I enjoyed working as a family, and I was very proud to have the opportunity of being 
a farmer. However, my sister brought me back to reality when she told me “you do not rely on 
farming” as I do. This was a powerful message that made me think how many people rely on 
farming to fulfill household needs. When I worked for the municipality of Santiago Lalopa, I 
estimated that about 70% of the farmers cultivate diverse crops including milpa, shaded coffee, 
and sugar cane. These crops are complementary and provide subsistence and monetary needs. To 
produce economic income, other farmers might rely on other activities such as masonry work, 
farm labor, municipality employment, or emigration. To illustrate the myriad of activities to 
make ends meet, I provide Paulina’s case. Although she does traditional farming, that is not her 
only work. Given that she was trained as a nurse, she works as a private nurse in my town and 
also has a small drugstore. Since the public health system is not reliable, physicians are usually 
absent. Paulina is a primary person attending to public health in town. She also sews clothes, for 
s clients who are elderly women who wear traditional dresses, and dancers who participate in the 
town’s festivals. Recently, Paulina told me that she is babysitting a two-year-old, a rural 
professor’s baby girl. On top of these activities, she grows milpa, shade coffee, and harvests a 
variety of bananas from her coffee plots. She also receives government aid in the form of 
scholarships to help cover costs related to the education of kids. That is how she manages to put 
two children in school, one in high school studying music and the other in the university 
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studying nursing. Paulina may be an unusual case, but her case illustrates the resourcefulness of 
farmers to make ends meet in indigenous communities.  
 
Waiting for the rain 
During two fieldwork seasons, and with the help of family members, I had the 
opportunity to establish two cropping seasons with milpa, including a mulching experiment with 
Inga foliage. Since I do not have a network to exchange labor, I had to pay in cash for most of 
the farm work; this resulted in production costs a regular local farmer cannot afford. During my 
second cropping, I experienced the art of patiently waiting for the rain to wet the land before I 
can plant crops. In this occasion, the rain was late by one month, and farmers who planted 
expecting the rain sooner lost their crops. The following poem was a product of waiting for this 
rain.  
 
The fourth of June of 2016-06-04 
 
The soil is dry,  
The paths are dusty,  
The plants are wilting,   
Even the weeds and the grasses are fading. 
 
Farmers have waited for you,  
Rain bringer of life, 
After four months, 
Your onset seems imminent,  
Hot air blows in my face,  
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Farmers play odds with you,  
Some already planted, hoping you will be here soon,  
Some are waiting to plant until you appear,    
To whom, thirst are you going to satisfy? 
 
Wind blows faster than usual,  
Clouds start covering the sky,  
The sky turns dark,  
Winds blow faster and makes trees howl,  
Rain seems imminent 
 
I have been waiting for you, bringer of life 
Where is my plow, to farm the land?  
Where are my oxen, to draw the plow? 
Where is my cousin, to guide the oxen? 
Where is my father’s TEK to guide me? 
 
There is rain in the mountains,  
But again you did not appear here,    
Come soon 
Plants are wilting,  
and I need to plow the land. 
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Figure 6.1 Plowing the land with Oxen. Leading the Oxen Silvestre Martinez Martinez, 
controlling the plow Pedro Zavala Bautista. June 2016. In the background is shade coffee, one of 
the components of the Zapotec agroforestry. 
 
By engaging in two cropping seasons, I also learned about the key role and complexity of 
fire in milpa systems.  Burning residuals from past crops, shrubs, and weeds is a fundamental 
part of the land preparation process, and it requires time to master.  Failing to follow a step could 
lead to over-burning the field or to insufficient burning of residuals. First, burning takes place in 
the afternoon when the sun is fading. Hence, the air temperature is mild, and the fire can be 
managed. Second, the soil must have moderate moisture, to protect the soil from overheating. 
Otherwise, the fire would desiccate the soil and impede seeds from growing. So, farmers usually 
wait for the first rains before burning the residuals. An excess of soil moisture will also prevent a 
total burn of residuals, which in turn will make it difficult for plowing, and for planting. The 
knowledge of the proper time for burning, the conditions of soils and residuals is achieved with 
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experience, careful observation, and guidance. The best indicator of a good burning is one in 
which planted seeds grow freely during one month, without competition with weeds. Early 
appearance of weeds is a sign of excess or deficient burning. 
 
 
Figure 6.2 Controlled burning on a field before milpa seeding. Lalopa, Oaxaca Mexico. June, 
2015. Soil moisture ensures that the soil is not overly burned.   
 
 
Insights on studying my own culture  
Autoethnography is an approach for researchers interested in studying their own culture. 
It allows indigenous researchers to challenge conventional representations of local cultures by 
the dominant culture “to translates ‘home’ culture for audiences of ‘others’" (Reed-Danahay, 
1997), for instance by producing texts that appeal to the interests, concerns, and understandings 
of the dominant culture (Pratt, 2008). Autoethnography, as a research method, has advantages, 
such as it is a research method that is friendly to researchers and readers; it enhances cultural 
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understanding of self and others; and it has a potential to transform self and others toward the 
cross-cultural coalition building (Chang, 2016). For example, I felt comfortable in studying, 
theorizing and writing about the farming systems in which I grew up, and that are close to me. I 
also hope that my narrative could convey in a more humanistic way the struggles and strategies 
of farming communities to make needs met and to provide insights that soil analysis and 
statistical methods cannot convey. Studying one’s culture using autoethnography offers 
opportunities and challenges.  
 
Opportunities in studying one’s culture.  
Ease of access. Gaining access to a research site is a crucial step in qualitative research. 
In autoethnography, the research endeavor takes place in a research site to which the researcher 
already has access, and he is knowledgeable of the local culture. Hence the researcher can have 
access to key community members or places that are safeguarded by gatekeepers (Karra and 
Phillips, 2007). For example, for a foreigner to have access to restricted places, and talk to 
distinguished community elders, he has first to build trust and rapport. Despite the pledged 
access, a native researcher must be cautious with local customs and procedures. For instance, in 
my town, access to the community setting and to community members are negotiated with the 
local representatives. Hence the first order of business is to inform the local authority of the 
research endeavor and its scope.  
 
Reduced resource requirements. Studying one’s culture reduces the cost of research, for 
instance, expenses related to housing and other living expenses. The cost of translation of an 
interpreter is avoided when the researcher is proficient in the local language. Moreover, the 
 118 
researcher can relate to the broader context, resulting in higher reliability of the research and a 
more profound understanding of the research topic (Karra and Phillips, 2007). In my case I speak 
the Zapotec language; hence I was able to translate from my native language directly to English, 
and people felt comfortable talking to me.   
 
Establishing trust and rapport. Trust and rapport require a “degree of communicative 
competence” (Jacobs-Huey, 2002); and the researcher must be able to ask relevant and 
meaningful questions so participants can feel understood, validated, and convey personal 
experiences (Bolak, 1996). However, native researchers should not take for granted the trust and 
rapport required to work in their communities. Instead, they must justify the aims and scope of 
their research endeavors as well as the use of research tools, such as interviews and surveys to 
gain information. For this task, the social capital built within the community over the years is 
advantageous. I kept close to my family and my community over the years, even while studying 
abroad, by engaging in community work and by performing traditional obligations. 
 
Challenges in studying one’s culture.  
Lack of critical distance. The close relationship of the ethnographer to the topic of study 
may lead him to obviate otherwise essential findings, and he also might find it challenging to 
theorize about the research phenomena (Karra and Phillips, 2007). In my case, I am a critic of 
government-funded development approaches. For example, I question subsidies because they 
might be undermining traditional farming systems and increase reliance on outside sources of 
food; however, I found that subsidies become part of the farmers’ strategies to fulfill household 
needs.  
 119 
On the biophysical aspect of my research, it was not easy for me to theorize about the 
possible role of Zapotec farming in providing ecological functions, soil fertility, and carbon 
sequestration, and to see the land uses in a temporal sequence. It was not until my conversations 
and interviews that I found out that these systems have long-term rotation, some about 40 years 
rotation. This kind of information was possible to obtain when I was open to other stories and not 
rely only on my experience. 
 
Role conflict. Autoethnographers have a dual position because they are members of the 
community they are researching. Hence they have to build a research role; they must look at the 
setting through a fresh perspective, to develop a relationship with people they did not associate 
with previously, to change the nature of their preexisting relationships, and to become involved 
with the setting more broadly (Karra and Phillips, 2007). In my case, being from the community 
I study has been a reason for reduced credibility. For instance, I did a couple of presentations to 
the community members using my native language. Afterward, some people approached me and 
suggested I use Spanish in future presentations so I can look more professional. Hence, I had to 
build a positionality as an outside researcher. 
 
Ethical issues and accountability. By studying one’s community, there is the issue of 
exposing other members of the community in our stories (Ngunjiri et al., 2010), some of these 
stories might involve pain, hurt, betrayal, and family drama (Ellis, 2007). For example, I am 
telling the stories of friend and family members, who eventually will identify themselves in my 
narrative, to address this issue I got their oral consent to include their stories on my narrative. 
Telling the story of my father, when he was bitten by a snake, was a way to deal and relieve 
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some anxiety that I had at the time. I was also able to voice some of the concerns that I have for 
family members, and people working in the farms.   
Finally, by studying one’s community, we are accountable to produce research that is 
useful, just and friendly to indigenous communities (Smith, 1999). For example, an outside 
researcher closes a project and a follow up research is reliant on getting additional funding. This 
is not my case and when I travel to my community people will ask me about the results of the 
research project. Then I have to present them information that could be useful and 
understandable. I cannot hand them results of a soils analysis. That is why I was interested in 
testing methods to improve milpa cropping and produce some research that could be usable and 
understandable by the local farmers.  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 7 MAJOR FINDINGS, LIMITATIONS AND RECOMMENDATIONS  
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Major findings 
In Chapter 2, I established the importance of traditional ecological knowledge (TEK) for 
indigenous farming systems and environmental sustainability. TEK education system depends on 
social interactions, and the natural landscape, and has a lower impact on natural ecosystems. An 
emergy analysis showed that TEK education system is less dependent on fossil fuels and 
physical infrastructure, hence is more sustainable than conventional education systems. The 
preservation of TEK education system is important for traditional agriculture and for a future 
with limited fossil fuel resources. It also showed that energy "quality" (or transformity) does not 
differ greatly from conventional educational systems. 
In Chapter 3, I found that carbon and nitrogen concentration on farmlands under 
perennial shaded coffee, and milpa are considered adequate to sustain crop production. A 
planned land succession by farmers is maintaining soil fertility across land uses. In this planned 
succession, secondary forest plays an important role given that they contained the highest carbon 
and nitrogen concentration on soils, which contribute to soil fertility when the land is used for 
crop production. This is the first report of soil analysis under perennial sugar cane on Zapotec 
farming systems. Soil under sugar cane presented the lowest concentration of carbon and 
nitrogen, which corroborate local farmers reports of sugar cane as the most demanding crop in 
their farming systems. Possible areas for improvement in this farming system are in the land uses 
devoted to annual crops such as sugar cane and milpa, mostly to address soil acidity and to 
improve organic matter status. 
In Chapter 4, I demonstrated how farmers are using tree species of the genus Inga, 
besides its primary use in shading coffee, to shift from annual crops such as sugar cane and milpa 
to perennial shade coffee. This process provides ecosystem services such as carbon 
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sequestration, and biodiversity preservation. Land succession using Inga trees might be 
considered an ecological restoration process since Inga mimics oligotrophic forests, mostly by 
cycling nutrients via litter inputs into soils which eventually help rebuild soil fertility and protect 
the soil from erosion. To address soil acidity in annual cropping I used the Inga mulch and the 
local organic fertilizer Bio-orgamin. Bio-orgamin improved soil pH to the threshold 
recommended for maize production, and increased exchangeable Ca (Chapter 5). This organic 
fertilizer combined with Inga leaves as mulch increased the yield biomass of milpa, including 
corn, corn-stover, and beans. This treatment could be used to improve soil, and yields in low 
input milpa systems. 
In Chapter 6, I used autoethnography to include my experiences and to use them as a 
source of information to describe Zapotec farming systems. This methodology allowed me to 
reflect on my positionality as a researcher within my community, precisely about how to produce 
research that could be valuable to the people. Autoethnography allowed me to write about a 
system I know and felt comfortable writing about it. I wanted to tell stories of people just like 
other researchers have done using traditional ethnographic methods (Gladstone, 2014)  
Autoethnography also allowed me to include information (insights) that did not fit well 
within traditional quantitative methods but are essential to convey farmers' struggles and hopes 
for a better life. These include the multiple strategies used by farmers to fulfill household needs 
for subsistence and economic inputs, and about the environmental stochasticity upon which 
traditional farming is reliant, such as rainy patterns. 
Limitations and recommendations 
The saying there is no such thing such as standard soil (Scott, 1998 page 196) is more 
than applicable to indigenous farming systems where the landscape is formed of different land 
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uses that respond to environmental, social and economic factors. Hence any soil analysis will be 
limited in its scope. However, similar to industrial agriculture, soil analysis should be the basis 
for crops and soil improvement on traditional farming. Furthermore, soil fertility under 
indigenous land uses are the least studied; this is the first report on soil fertility on soil under 
perennial sugar cane. The relevance of such analysis is illustrated by the fact that I confirmed 
that soil acidity and low phosphorus availability are constraints for productivity on traditional 
farming. These results allowed me to design local treatments to improve soil fertility and 
productivity.  
  With the use of Bio-orgamin I improved soil pH and exchangeable Ca, however, there 
was not a detectable effect on exchangeable phosphorus. Hence improving phosphorus 
availability is a promising line for future research. The use of rock phosphate has been suggested 
as an alternative to chemical phosphorus fertilizer. Rock phosphate is appropriate to low input 
agriculture, that is phosphorus that is slowly available, which might avoid leaching and fixation 
on acid soils. My results also indicated that nitrogen might be a limiting factor for productivity, 
hence the use of nitrogen rich mulches combined with other organic fertilizers are suitable for 
this low input farming. 
 Indigenous farmers have an extensive knowledge about farming and they know how to 
adapt the landscapes to their needs, for example by using Inga trees as ecological drivers. This is 
the first study in the region documenting the purposeful use of Inga to shift from land under 
annual crops to shaded coffee. Future research could demonstrate the importance of Inga as an 
ecological restoration tool, for example regarding carbon sequestration, soil fertility, and 
preservation of biodiversity. Furthermore, it is also necessary to establish the role of TEK in the 
restoration processes.   
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 I learned valuable lessons by studying traditional farming in my own community. For 
example, the importance of a proper burning of residuals, and when to plant according to the rain 
onset. I also learned why some technical improvements for traditional farming do not always 
work. Furthermore, despite multiple ecosystem services provided by traditional farming, farmers 
do not obtain enough economic inputs to cover school and health related costs. That is why they 
depend on other economic activities and on government subsidies. I consider that the 
introduction of coffee into traditional farming systems, at the end of the 18th century, brought an 
economic boost for peasant families. Now there is a need for more crop alternatives due to the 
multiple issues in coffee such as disease outbreaks. I am now exploring the introduction of crops 
such as Macadamia integrifolia and Vanilla plannifolia to diversify already established shaded 
coffee. 
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APPENDICES 
Appendix A. Community: Lalopa, Oaxaca, Mexico. 
  
Renewable resources 
 
1. Sunlight (j) 
Land area: 4 ha 
Insolation: 6.96e+09 j (for lalopa, oaxaca mexico)  
Albedo: 0.18   
Value per average lifespan (unit/life)=4 (10 000 m2 ha-1* 6.96e+09(1-0.18)*75 yrs life-1  
Unit/life = 1.703e+16  j 
Transformity: 1.0 sej/j (by definition) 
Solar emergy (sej/life) = 1.703e+16 sej/j  
 
2. Wind (j) 
Land area: 4 ha  
Density of air: 1.08 kg m3 (density of wind at 1200 m above the sea level).   
Average annual wind velocity: (2 m/s) 
Geostrophic wind: 3.3 m/s (assume that observed winds are 0.6 of geostrophic wind) (diemont et. Al. 2006) 
Drag coefficient: 0.001 
Unit/life=4 ha (10 000 m2 ha-1* 1.08 kg m-3 )*(0.001)* 31400000 sec yr-1*3*3.33 m/s*74 yrs/life-1  
Unit/life= 1.012e+12 
Transformity:: 1.50e+03 sej/j (odum, 1996) 
Solar emergy (sej/life) = (1.012e+12*1.50e+03 sej/j) 
Sej/life = 1.5179e+15  
  
3. Rain (j) 
Rainfall: 2.3 m/yr 
Water density: 1000 kg/ m3 
Gibbs free energy water: 4940 j/kg 
Value per average lifespan (unit/life)=4 ha (10 000 m2 ha-1*1000 kg m-3 )*(2.3 m/yr)*(4940 j/kg)*74 yrs  life-1 
Unit/life = 3.390e+13  j 
Transformity= 1.82e+04 sej/j (odum, 1996) 
Solar emergy (sej/life)=( 3.390e+13*1.82e+04 sej/j) 
Sej/life= 6.17057e+17  
  
 
4. Carbon dioxide (j) 
 
Gibbs free energy of carbon dioxide: 9.96e6 j kg-1  
Net forest carbon storage: 24.43 kg yr-1 m-2(gorte, 2009) 
Value per average lifespan (unit/life)= 4 ha (10 000 m2 ha-1 *24.43 kg yr-1 m-2)*896000 j kg-1 *74 yr life-1  
Unit/life= 6.532e+14 j 
Trasnformity= 1.29e+04 sej/j (brandt-williams and campbell, n.d.) 
Solar emergy (sej/life)=( 6.532e+14*1.29e+04 sej/j) 
Sej/life= 8.42597e+18 
 
 5. Seeds (j)  
Distribution rate: 16 kg/ha  
Energy content: 3500 kcal/kg (diemont, et al., 2005) 
Value per average lifespan (unit/life)=10 ha (3500 kcal/kg)*(15 kg/ha)*74 yr*(4.18e+03 j/kcal) 
Unit/life= 6.995e+07 j 
Transformity= 3.64e+05 sej/j (diemont, et al., 2005) 
Solar emergy (sej/life)=( 6.995e+07 j *3.64e+05 sej/j) 
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Sej/life= 2.54617e+13 
 6. Labor (h) 
Expected independent years=(life expectancy – age of independence)=(74yr-17yr) 
 expected independent years=57 yr 
Annual current time in agriculture: 2496 hours 
Annual current time in forest:  312 hours 
Value per average lifespan (unit/life)= 74 yr*(2496 hr + 312 hr)*0.77(fraction renewable) 
Unit/life=  1.245e+05 h 
 trasnformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=( 1.245e+05*6.99e+12 sej/h) 
Sej/life= 8.70538e+17 
  
7. Education (h)  
Learning years= (age of independence-age at start of work)=17-10 yrs 
Annual time in agriculture during learning period: 2920 h 
Value per average lifespan (unit/life)= 7 yr*(2920  h)*0.77(fraction renewable) 
Unit/life=  1.574e+04 h 
 transformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=(1.574e+04*6.99e+12 sej/h) 
Sej/life= 1.10014e+17  
  
8. Community meetings/workshops (h) 
Annual meeting time during learning period: 0 h 
Learning years: 7 yr (see above) 
Current annual meeting time: 36 h 
Expected independent years: 57 (see above) 
Value per average lifespan (unit/life)= ((0 h *7 yr)+(36 h*57))*0.77(fraction renewable) 
Unit/life= 1.597e+03 h 
 transformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=( 1.597e+03 *6.99e+12 sej/h) 
Sej/life= 1.11607e+16 
 
 
Non renewable resources  
 
9. Eroded soil (j) 
Agriculture land: 4 ha 
Erosion rate: 7.5 ton/ha/yr  
Percent organic in soil: 0.02  
Energy content per gram organic soil: 5.00 kcal/g (ulgiati et al. 1994) 
Value per average lifespan (unit/life)= 4 ha(7.5 ton/ha/yr)*0.02*(1e6 g/ton)*(5 kcal/g )*(4186 j/kcal)*67 yr  
Unit/life=  7.026e+11 j 
Transformity= 6.25e+04 sej/j (ulgiati et al. 1994) 
Solar emergy (sej/life)=( 7.026e+11*6.25e+04 sej/j) 
Sej/life= 4.39138e+16 
 
Purchased resources  
 
10. Labor (h) 
 expected independent years=57 yr 
Annual current time in agriculture: 2496 hours 
Annual current time in forest:  312 hours 
Value per average lifespan (unit/life)= 74 yr*(2496 hr + 312 hr)* *0.23 (fraction non renewable)  
Unit/life= 3.720e+04 h   
 trasnformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=( 3.720e+04 *6.99e+12 sej/h) 
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Sej/life= 2.60031e+17 
11. Land ($) 
Agriculture land: 4 ha 
Property value: $0.42 /m2   
Value per average lifespan (unit/life)=(4 ha)*10000 m2 ha-1 *$0.42  m-2 
Unit/life= $ 1.680e+04 
Transformity: 1.88e+12 sej/$ (diemont, et al., 2005) 
Solar emergy (sej/life)=( 1.680e+04*1.88e+12 sej/$) 
Sej/life= 3.1584e+16 
 
12. Tools ($) 
Yearly cost of total tools: $ 25    
Value per average lifespan (unit/life)=($25 /yr)*(57 yr) 
 unit/life= $ 1.440e+03 
 transformity: 1.88e+12 sej/$ (diemont, et al., 2005) 
Solar emergy (sej/life)=( 1.440e+03*1.88e+12 sej/$) 
Sej/life= 2.7072e+15 
 
13. Education (h)  
 
Learning years 7 yrs 
Annual time in agriculture during learning period: 2920 h 
Value per average lifespan (unit/life)= 7 yr*(2920  h)*0.23 (fraction non-renewable) 
Unit/life=  4.701e+03 h 
 transformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=( 4.701e+03*6.99e+12 sej/h) 
Sej/life= 3.28614e+16 
 
14. Community meetings/workshops (h) 
Annual meeting time during learning period: 0 h 
Learning years: 7 yr (see above) 
Current annual meeting time: 36 h 
Expected independent years: 57 (see above) 
Value per average lifespan (unit/life)= ((0 h *7 yr)+(36 h*57))*0.23(fraction non-renewable) 
Unit/life= 4.769e+02+03 h 
 transformity= 6.99e+12 sej/h (trujillo 1998) 
Solar emergy (sej/life)=( 4.769e+02*6.99e+12 sej/h) 
Sej/life=3.33373e+15 
 
Appendix B. Original values from soil analysis.  
A: topsoil (0-10 cm); B:subsoil (10-20cm) 
Sample Horizon Cover Ph 
Density  
(mg/m3) N (%) Soc (%) P mg/kg K (mg/kg) 
1 A Temperate for 4.80 Na 0.55 11.45 3.61 109.72 
2 B Temperate for 4.77 Na 0.22 4.91 0.56 38.13 
5 A Temperate for 5.04 Na 0.33 8.11 1.64 179.17 
6 B Temperate for 4.90 Na 0.13 3.53 1.78 45.31 
7 A Temperate for 5.22 Na 0.25 5.92 2.77 124.98 
8 B Temperate for 4.91 Na 0.13 2.63 1.00 47.39 
9 A Tropical for 5.34 1.15 0.39 9.20 1.71 209.95 
10 B Tropical for 5.09 1.44 0.19 4.59 0.84 74.64 
11 A Tropical for 5.87 1.30 0.36 6.14 7.55 232.24 
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12 B Tropical for 5.80 1.42 0.13 2.07 1.11 144.62 
47 A Tropical for 5.73 1.29 0.33 5.55 7.77 106.58 
48 B Tropical for 5.61 1.46 0.18 2.90 0.87 73.53 
15 A Fallow swidden 5.11 1.31 0.21 4.10 2.42 83.37 
16 B Fallow swidden 5.17 1.40 0.13 2.40 0.90 46.14 
17 A Fallow swidden 5.25 1.35 0.21 4.09 2.74 130.91 
18 B Fallow swidden 5.47 1.30 0.14 2.40 1.18 50.09 
19 A Fallow swidden 5.37 1.31 0.28 4.84 3.59 164.29 
20 B Fallow swidden 5.34 1.33 0.17 2.21 2.04 99.58 
23 A Fallow tillage 5.06 1.35 0.28 5.33 4.10 160.68 
24 B Fallow tillage 5.18 1.39 0.26 4.40 1.46 259.13 
25 A Fallow tillage 5.07 1.37 0.51 8.74 1.44 163.53 
26 B Fallow tillage 5.00 1.48 0.12 1.76 0.43 115.50 
27 A Fallow tillage 4.87 1.17 0.30 5.52 3.40 196.26 
28 B Fallow tillage 4.86 1.32 0.15 2.82 0.63 116.17 
29 A Sugarcane 5.05 1.36 0.19 3.28 1.04 181.43 
30 B Sugarcane 5.08 1.49 0.10 1.69 0.48 60.00 
31 A Sugarcane 5.48 1.32 0.20 3.31 4.35 161.01 
32 B Sugarcane 5.45 1.47 0.11 1.50 0.52 63.80 
35 A Sugarcane 5.29 1.27 0.20 3.34 2.59 251.87 
36 B Sugarcane 4.96 1.26 0.10 1.50 0.63 109.08 
39 A Coffee 4.92 1.08 0.31 5.43 8.91 185.48 
40 B Coffee 5.22 1.23 0.16 2.46 5.16 116.87 
41 A Coffee 6.20 1.28 0.33 6.12 2.46 207.25 
42 B Coffee 5.50 1.52 0.13 2.50 0.29 75.56 
43 A Coffee 4.94 1.47 0.44 7.85 7.22 87.30 
44 B Coffee 5.17 1.37 0.14 2.21 0.98 46.35 
57 A Milpa tillage  4.93 1.31 0.28 5.11 1.32 137.81 
58 B Milpa tillage  4.91 1.40 0.12 2.05 0.18 102.72 
59 A Milpa tillage  4.69 1.30 0.25 4.39 0.77 108.64 
60 B Milpa tillage  4.83 1.28 0.15 2.60 0.55 93.63 
61 A Milpa tillage  4.91 1.31 0.28 4.98 1.32 135.45 
62 B Milpa tillage  5.06 1.31 0.15 2.65 0.26 58.70 
 
Sample Horizon Cover Ca mg/l Mg mg/l Na (mg/l) Cec(%) Sum bases(%) 
1 A Temperate for 1458.94 271.79 19.87 19.80 50.14 
2 B Temperate for 86.93 38.29 8.85 11.54 7.71 
5 A Temperate for 540.78 187.78 12.30 18.97 25.21 
6 B Temperate for 50.86 52.66 7.51 16.01 5.26 
7 A Temperate for 920.83 232.70 11.02 15.53 44.52 
8 B Temperate for 74.25 89.22 11.34 14.24 9.03 
9 A Tropical for 584.10 252.77 6.51 14.35 38.97 
10 B Tropical for 64.81 83.31 4.73 11.10 11.08 
11 A Tropical for 2114.51 317.89 7.05 22.56 61.38 
12 B Tropical for 895.47 216.27 6.78 11.67 57.24 
47 A Tropical for 2047.39 369.38 9.57 19.97 68.25 
48 B Tropical for 1070.59 282.37 6.31 13.35 59.32 
15 A Fallow swidden 899.48 157.85 12.20 14.29 42.54 
16 B Fallow swidden 367.73 71.52 9.82 11.30 22.98 
17 A Fallow swidden 1079.53 213.08 11.62 14.74 51.28 
18 B Fallow swidden 733.25 145.32 8.79 11.34 44.47 
19 A Fallow swidden 1189.90 428.42 10.45 15.28 65.34 
20 B Fallow swidden 626.28 284.36 12.02 12.83 45.26 
23 A Fallow tillage 1349.52 217.26 7.93 15.80 56.98 
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24 B Fallow tillage 1411.24 281.46 12.04 18.50 54.70 
25 A Fallow tillage 1591.39 296.46 13.61 17.61 61.92 
26 B Fallow tillage 795.23 166.31 9.41 14.73 38.69 
27 A Fallow tillage 909.65 213.91 13.67 13.83 49.85 
28 B Fallow tillage 227.26 72.42 8.64 9.86 21.04 
29 A Sugarcane 980.71 192.34 16.86 13.34 52.81 
30 B Sugarcane 614.78 123.94 17.43 14.20 30.55 
31 A Sugarcane 1154.49 517.98 11.89 16.76 62.96 
32 B Sugarcane 804.30 447.65 11.56 12.15 65.56 
35 A Sugarcane 1626.66 381.47 9.67 18.17 66.05 
36 B Sugarcane 886.98 217.93 16.44 12.80 51.56 
39 A Coffee 984.61 251.58 33.33 12.71 60.12 
40 B Coffee 371.01 147.81 14.57 7.58 45.48 
41 A Coffee 1730.58 320.05 12.83 18.44 64.58 
42 B Coffee 692.21 168.12 9.34 10.87 46.87 
43 A Coffee 742.67 191.39 9.63 12.17 45.81 
44 B Coffee 301.60 120.53 11.86 8.07 33.25 
57 A Milpa tillage  598.88 159.55 16.21 14.27 33.26 
58 B Milpa tillage  168.90 65.91 11.11 11.03 15.47 
59 A Milpa tillage  279.64 62.06 8.74 13.10 17.04 
60 B Milpa tillage  87.05 24.58 4.64 11.09 8.12 
61 A Milpa tillage  665.87 113.69 8.52 13.12 35.53 
62 B Milpa tillage  136.29 30.29 4.82 10.47 10.56 
 
Appendix C. ANOVA tables for soil fertility analysis in the topsoil (0-10 cm) 
The SAS System. The GLM Procedure 
Dependent Variable: pH 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 1.17966667 0.2359333 2 0.1505 
Error 12 1.41393333 0.1178278   
Corrected 
Total 
17 2.5936    
 
     Dependent Variable: Bulk_Density 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 0.01224444 0.0024489 0.25 0.9341 
Error 12 0.1196 0.0099667   
Corrected 
Total 
17 0.13184444    
 
     Dependent Variable: N_percent 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 0.08156111 0.0163122 4.08 0.0214 
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Error 12 0.048 0.004   
Corrected 
Total 
17 0.12956111    
 
     Dependent Variable: SOC_percent 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 32.0153333 6.4030667 4.09 0.0212 
Error 12 18.7970667 1.5664222   
Corrected 
Total 
17 50.8124    
 
     Dependent Variable: Phosp_mg_Kg 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 56.5739778 11.314796 2.42 0.0979 
Error 12 56.2186667 4.6848889   
Corrected 
Total 
17 112.792644    
 
     Dependent Variable: k_mg_kg 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 13083.0551 2616.611 1.19 0.3689 
Error 12 26317.0209 2193.0851   
Corrected 
Total 
17 39400.076    
 
     Dependent Variable: Ca_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 1880967.77 376193.55 1.73 0.2034 
Error 12 2616840.06 218070.01   
Corrected 
Total 
17 4497807.83    
 
     Dependent Variable: Mg_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 107967.361 21593.472 2.18 0.1241 
Error 12 118600.634 9883.3861   
 150 
Corrected 
Total 
17 226567.995    
 
     Dependent Variable: Na_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 190.029317 38.005863 1.07 0.422 
Error 12 424.825933 35.402161   
Corrected 
Total 
17 614.85525    
 
     Dependent Variable: CEC 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 54.0244944 10.804899 1.62 0.2295 
Error 12 80.2529333 6.6877444   
Corrected 
Total 
17 134.277428    
 
     Dependent Variable: Sum_bases 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 2044.01823 408.80365 3.78 0.0275 
Error 12 1298.8434 108.23695   
Corrected 
Total 
17 3342.86163    
 
Appendix D. ANOVA tables for soil organic carbon and nitrogen comparing the topsoil 
with the subsoil at each land cover studied. 
 
 
     Cover=Coffee 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.07041667 0.07041667 27.44 0.0063 
Error 4 0.01026667 0.00256667   
Corrected 
Total 
5 0.08068333    
 
     Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
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Model 1 24.92881667 24.92881667 31.58 0.0049 
Error 4 3.15786667 0.78946667   
Corrected 
Total 
5 28.08668333    
 
          
Cover=Fallow_s 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.01126667 0.01126667 10.9 0.0299 
Error 4 0.00413333 0.00103333   
Corrected 
Total 
5 0.0154    
Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 6.04006667 6.04006667 61.3 0.0014 
Error 4 0.39413333 0.09853333   
Corrected 
Total 
5 6.4342    
     
Cover=Fallow_t 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.05226667 0.05226667 4.82 0.093 
Error 4 0.04333333 0.01083333   
Corrected 
Total 
5 0.0956    
Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 18.76201667 18.76201667 6.9 0.0584 
Error 4 10.87406667 2.71851667   
Corrected 
Total 
5 29.63608333    
 
     Cover=Forest 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.05606667 0.05606667 58 0.0016 
Error 4 0.00386667 0.00096667   
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Corrected 
Total 
5 0.05993333    
Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 21.39481667 21.39481667 7.8 0.0492 
Error 4 10.97653333 2.74413333   
Corrected 
Total 
5 32.37135    
     
Cover=Milpa 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.02535 0.02535 84.5 0.0008 
Error 4 0.0012 0.0003   
Corrected 
Total 
5 0.02655    
 
     Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 8.59206667 8.59206667 66.59 0.0012 
Error 4 0.51613333 0.12903333   
Corrected 
Total 
5 9.1082    
 
     Cover=Sugarcan 
    Dependent Variable: N_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 0.01306667 0.01306667 392 <.0001 
Error 4 0.00013333 0.00003333   
Corrected 
Total 
5 0.0132    
 
     Dependent Variable: SOC_percent 
   Source DF Sum of Squares Mean Square F Value Pr > F 
Model 1 4.57626667 4.57626667 707.67 <.0001 
Error 4 0.02586667 0.00646667   
Corrected 
Total 
5 4.60213333    
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Appendix E. Original values for above ground carbon estimation  
 
Parcel 1 Old 
   
 
Specie BHD (1.3 m) Height m Biomass Kg  
 
 
Inga vera 86.00 9.20 2206.10 
 
 
Inga vera 97.00 8.20 2501.48 
 
 
Inga sp. 87.00 10.20 2503.10 
 
 
Inga vera 99.63 10.80 3475.96 
 
 
Inga vera 57.00 9.67 1018.10 
 
 
Inga vera 64.00 10.13 1344.96 
 
 
Inga sp. 82.00 14.10 3073.88 
 
 
Inga vera 66.00 13.90 1963.10 
 
 
Inga vera 89.00 10.30 2645.19 
 
 
Inga sp. 26.00 7.62 166.92 
 
 
Inga vera 97.00 15.40 4697.90 
 
 
Inga vera 43.00 8.20 491.58 
 
 
Inga vera 78.00 9.90 1952.83 
 
 
Inga vera 49.00 8.20 638.33 
 
 
Inga sp. 36.00 7.20 302.54 
 
 
Inga vera 26.00 8.00 175.34 
 
 
Inga vera 108.00 14.00 5294.38 
 
 
Inga vera 31.00 7.60 236.80 
 
 
Inga sp. 42.00 8.50 486.14 
 
 
Inga vera 79.00 12.90 2610.26 
 
 
Inga vera 136.11 11.00 6607.25 
 
 
Inga vera 73.00 8.30 1434.05 
 
 
Inga sp. 28.00 9.00 228.77 
 
 
Inga vera 73.00 12.40 2002.20 
 
 
Inga vera 105.00 12.40 4070.63 
 
 
Inga vera 27.00 10.70 248.78 
 
 
Inga sp. 73.00 9.30 1512.05 
 
 
Inga vera 10.00 5.30 18.03 
 
 
Inga vera 100.00 16.30 4832.99 
 
 
Inga vera 141.00 16.80 9734.16 
 
 
Inga sp. 21.00 7.30 104.88 
 
 
Inga vera 41.00 8.61 454.68 
 
 
Inga vera 112.98 12.50 4733.23 
 
 
Inga sp. 50.00 13.60 1046.75 
 
 
Inga sp. 53.00 13.60 1172.85 
 
 
Inga sp. 68.00 13.60 1907.71 
 
 
Inga sp. 68.00 10.50 1482.04 
 
      
 
Parcel 2 Old 
   
 
Inga vera 115.61 15.50 6107.56 
 
 
Inga sp. 71.00 15.00 2283.72 
 
 
Inga sp. 94.00 12.50 3305.60 
 
 
Inga vera 90.36 13.70 3346.70 
 
 
Inga vera 30.00 8.00 230.08 
 
 
Inga sp. 85.00 13.00 2821.99 
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Inga vera 69.46 10.49 1543.14 
 
 
Inga vera 55.00 9.53 891.31 
 
 
Inga sp. 62.49 10.03 1201.65 
 
 
Inga sp. 37.24 6.80 299.41 
 
 
Inga sp. 22.44 6.80 111.36 
 
 
Parcel 2 Old 
   
 
Specie BHD (1.3 m) Height m Biomass Kg  
 
 
Inga sp. 100.81 12.56 3807.04 
 
 
Inga sp. 69.46 8.00 1184.68 
 
 
Inga sp. 86.01 8.00 1797.74 
 
 
Inga sp. 91.23 9.60 2409.93 
 
 
Inga vera 100.81 12.00 3641.07 
 
 
Inga sp. 91.23 6.00 1523.29 
 
 
Inga sp. 83.39 6.00 1278.31 
 
 
Inga sp. 27.00 5.30 125.32 
 
 
Inga sp. 40.00 11.00 550.48 
 
 
Inga sp. 120.00 8.00 3444.28 
 
      
 
Parcel 3 Old 
   
 
Inga vera 205.38 12.50 15198.93 
 
 
Inga vera 57.00 11.50 1147.70 
 
 
Inga vera 69.00 11.50 1666.46 
 
 
Inga vera 82.00 14.00 2828.18 
 
 
Inga vera 71.13 10.60 1633.26 
 
 
Inga vera 65.00 10.19 1318.45 
 
 
Inga vera 54.00 9.47 854.13 
 
 
Inga vera 67.88 9.00 1270.65 
 
 
Inga vera 40.00 7.00 354.13 
 
 
Inga sp. 71.00 8.30 1281.73 
 
 
Inga sp. 46.00 8.94 590.51 
 
 
Inga vera 34.00 7.40 272.23 
 
      
 
Parcel 4 Intermediate 
   
 
Inga vera 68.38 9.30 1331.06 
 
 
Inga sp. 59.57 6.00 662.93 
 
 
Inga sp. 19.03 2.20 26.84 
 
 
Inga sp. 50.00 9.50 737.51 
 
 
Inga vera 86.01 9.50 2126.29 
 
 
Inga vera 9.34 3.30 9.93 
 
 
Inga sp. 80.72 7.50 1491.54 
 
 
Inga sp. 52.52 8.10 694.85 
 
 
Inga sp. 68.38 9.20 1317.09 
 
 
Inga sp. 48.11 7.00 507.85 
 
 
Inga sp. 35.00 7.00 272.87 
 
 
Inga sp. 57.00 6.30 637.89 
 
      
 
Parcel 5 Intermediate 
   
 
Inga sp. 67.50 7.70 1079.38 
 
 
Inga sp. 15.00 3.00 22.83 
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Inga sp. 17.00 4.50 43.30 
 
 
Inga sp. 35.78 9.60 387.65 
 
 
Inga sp. 47.23 7.00 489.85 
 
 
Inga vera 63.98 8.60 1082.83 
 
 
Inga vera 81.60 8.30 1681.90 
 
 
Inga vera 25.00 5.00 101.88 
 
 
Inga sp. 90.42 11.10 2728.70 
 
 
Inga sp. 37.00 8.80 380.25 
 
 
Parcel 5 Intermediate 
   
 
Specie BHD (1.3 m) Height m Biomass Kg  
 
 
Inga sp. 72.79 10.00 1613.97 
 
 
Inga sp. 17.27 3.50 34.94 
 
      
 
Parcel 6 Intermediate 
   
 
Inga sp. 62.90 9.20 1118.72 
 
 
Inga sp. 119.26 8.90 3776.16 
 
 
Inga sp. 33.63 7.50 270.04 
 
 
Inga sp. 19.54 6.50 81.38 
 
 
Inga sp. 16.29 5.50 48.46 
 
 
Inga sp. 82.41 8.20 1694.26 
 
 
Inga sp. 92.16 7.00 1806.16 
 
 
Inga sp. 62.90 8.90 1083.10 
 
 
Inga sp. 37.97 6.50 297.55 
 
 
Inga sp. 21.71 4.50 69.79 
 
 
Inga sp. 80.24 8.63 1691.25 
 
 
Inga sp. 80.24 8.63 1691.25 
 
 
Inga sp. 9.79 2.50 8.30 
 
 
Inga sp. 81.32 8.90 1788.45 
 
 
Inga sp. 60.73 8.20 933.71 
 
 
Inga sp. 78.07 8.30 1542.77 
 
 
Inga sp. 55.00 7.50 705.29 
 
 
Inga sp. 82.41 8.60 1774.87 
 
 
Inga sp. 24.96 7.00 141.06 
 
 
Inga sp. 65.07 8.20 1068.24 
 
 
Inga sp. 54.23 7.50 686.07 
 
 
Inga sp. 62.90 10.30 1249.08 
 
 
Inga sp. 43.39 6.50 386.07 
 
 
Inga sp. 53.14 7.40 650.97 
 
 
Inga sp. 28.21 8.00 204.09 
 
 
Inga sp. 61.81 7.30 862.84 
 
 
Inga sp. 10.00 4.00 13.70 
 
 
Inga sp. 32.55 8.90 299.36 
 
 
Inga sp. 74.82 6.80 1168.81 
 
 
Inga sp. 40.14 7.50 381.32 
 
 
Inga sp. 10.00 2.50 8.66 
 
 
Inga sp. 43.39 6.00 357.06 
 
 
Inga sp. 30.38 6.80 201.23 
       
      
 156 
 
Parcela 7 New 
   
 
Inga vera 18.00 3.50 37.88 
 
 
Inga vera 15.00 3.80 28.76 
 
 
Inga vera 44.00 5.70 349.04 
 
 
Inga vera 13.00 4.30 24.54 
 
 
Inga vera 17.00 4.80 46.12 
 
 
Inga vera 13.00 3.20 18.39 
 
 
Inga vera 44.37 8.30 511.92 
 
 
Inga vera 17.00 3.40 32.94 
 
 
Inga vera 13.00 2.80 16.14 
 
 
Inga vera 35.14 5.20 205.73 
 
 
Inga vera 19.00 3.80 45.62 
 
 
Parcela 7 New 
   
 
Specie BHD (1.3 m) Height m Biomass Kg  
 
 
Inga vera 16.00 3.30 28.42 
 
 
Inga vera 15.00 4.80 36.12 
 
 
Inga vera 16.00 3.80 32.62 
 
 
Inga vera 11.00 3.80 15.70 
 
 
Inga vera 15.00 5.30 39.79 
 
 
Inga vera 17.00 3.80 36.71 
 
 
Inga vera 18.00 4.20 45.26 
 
 
Inga vera 19.00 3.80 45.62 
 
 
Inga vera 23.00 5.30 91.64 
 
 
Inga vera 22.00 3.80 60.73 
 
 
Inga vera 21.00 4.30 62.57 
 
 
Inga sp. 10.00 3.80 13.03 
 
 
Inga vera 14.00 2.80 18.65 
 
 
Inga vera 25.00 6.30 127.66 
 
 
Inga vera 19.00 5.30 63.12 
 
 
Inga vera 13.00 3.30 18.95 
 
      
 
Parcel 8 New 
  
 
Inga vera 29.00 4.80 130.80 
 
 
Inga vera 9.00 2.80 7.87 
 
 
Inga vera 35.00 6.50 253.83 
 
 
Inga vera 26.68 6.00 138.18 
 
 
Inga vera 27.00 7.30 171.30 
 
 
Inga sp. 11.30 3.10 13.55 
 
 
Inga vera 27.45 7.30 176.87 
 
 
Inga sp. 21.29 4.92 73.32 
 
 
Inga vera 17.00 4.50 43.30 
 
 
Inga sp. 23.00 5.50 95.02 
 
 
Inga vera 12.06 3.75 18.58 
 
 
Inga vera 11.30 2.10 9.27 
 
 
Inga vera 22.06 5.50 87.61 
 
 
Inga sp. 14.00 5.00 32.85 
 
 
Inga vera 17.00 5.00 47.99 
 
 
Inga vera 10.00 4.00 13.70 
 
 
Inga vera 22.00 5.00 79.38 
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Inga vera 9.00 5.00 13.87 
 
 
Inga vera 18.00 3.50 37.88 
 
 
Inga sp. 13.00 3.50 20.07 
 
 
Inga vera 9.00 4.10 11.43 
 
 
Inga vera 10.00 4.00 13.70 
 
      
 
Parcel 9 New 
   
 
Inga vera 6.52 2.00 3.02 
 
 
Inga sp. 9.90 3.50 11.80 
 
 
Inga vera 6.52 3.00 4.49 
 
 
Inga vera 20.06 5.00 66.31 
 
 
Inga vera 14.14 3.50 23.64 
 
 
Inga vera 14.00 5.00 32.85 
 
 
Inga vera 23.45 6.50 116.14 
 
 
Inga vera 14.98 6.00 44.81 
 
 
Parcel 9 New 
   
 
Specie BHD (1.3 m) Height m Biomass Kg  
 
 
Inga vera 6.52 2.94 4.39 
 
 
Inga vera 12.00 4.00 19.56 
 
 
Inga vera 15.00 5.50 41.25 
 
 
Inga vera 19.00 7.00 82.81 
 
 
Inga vera 32.00 7.80 254.60 
 
 
Inga vera 7.36 3.10 5.88 
 
 
Inga vera 20.91 4.30 62.04 
 
 
Inga vera 24.29 5.50 105.74 
 
 
Inga vera 23.45 5.00 89.90 
 
 
Inga vera 23.45 6.00 107.41 
 
 
Inga vera 12.00 5.00 24.32 
 
 
Inga vera 8.21 3.26 7.63 
 
 
Inga vera 11.00 6.00 24.51 
 
 
Inga vera 21.76 5.50 85.24 
  
Appendix F. Original values from litter collection  
Collection tray was 0.25 m2 
   Sampling date Parcel ID Foliage type Subsamples Biomass g/tray  Biomass kg/ha 
Nov-15 Isa Coffee 6 8.44 429.74 
Nov-15 Isa Inga spp. 6 10.10 514.23 
Nov-15 Isa others 5 0.33 16.82 
Nov-15 Isa twigs 6 2.40 122.24 
Nov-15 Pau Coffee 7 22.15 1127.85 
Nov-15 Pau Inga spp. 7 7.36 374.93 
Nov-15 Pau others 7 0.27 13.96 
Nov-15 Pau twigs 7 2.03 103.60 
Nov-15 Pili  Coffee 6 10.59 539.59 
Nov-15 Pili  Inga spp. 6 11.55 588.12 
Nov-15 Pili  others 6 0.45 22.73 
Nov-15 Pili  twigs 6 3.69 187.85 
Nov-15 Vic Coffee 6 17.36 884.09 
Nov-15 Vic Heliocarpus 6 2.09 106.51 
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Nov-15 Vic Inga spp. 6 8.66 440.95 
Nov-15 Vic others 6 1.18 60.18 
Nov-15 Vic twigs 6 1.19 60.38 
Jan-16 Isa Coffee 6 5.39 274.32 
Jan-16 Isa Inga spp. 6 10.04 511.33 
Jan-16 Isa others 3 0.06 2.86 
Jan-16 Isa twigs 5 1.24 63.38 
Jan-16 Pau Persea sp. 1 0.85 43.53 
Jan-16 Pau  Coffee 4 6.58 334.87 
Jan-16 Pau  Inga spp. 6 11.30 575.52 
Jan-16 Pau  others 6 0.32 16.35 
Jan-16 Pau  Persea sp. 2 4.74 241.65 
Jan-16 Pau  twigs 6 2.63 134.06 
Jan-16 Pili  Cedrela sp. 1 1.04 52.83 
Jan-16 Pili  Coffee 6 6.58 334.97 
Jan-16 Pili  Inga spp. 6 11.41 580.99 
Jan-16 Pili  others 4 0.19 9.86 
Jan-16 Pili  twigs 6 2.54 129.27 
Jan-16 Vic Cedrela sp. 2 0.39 19.96 
Jan-16 Vic Coffee 6 9.46 481.86 
Jan-16 Vic Heliocarpus 6 1.44 73.39 
Jan-16 Vic Inga spp. 6 5.71 291.01 
Jan-16 Vic Manguifera  6 0.19 9.76 
Jan-16 Vic others 6 0.34 17.12 
Jan-16 Vic twigs 6 1.33 67.98 
Mar-16 Isa Coffee 6 0.84 43.01 
Mar-16 Isa Flowers 2 0.30 15.42 
Mar-16 Isa Inga spp. 6 6.92 352.44 
Mar-16 Isa others 6 1.41 72.03 
Mar-16 Isa twigs 6 0.30 15.51 
Mar-16 Pau Coffee 7 2.82 143.64 
Mar-16 Pau Inga spp. 7 8.09 411.85 
Mar-16 Pau others 4 2.01 102.23 
Mar-16 Pau twigs 6 0.49 25.01 
Mar-16 Pili  Coffee 6 3.49 177.60 
Mar-16 Pili  Inga spp. 6 10.57 538.29 
Mar-16 Pili  others 4 1.07 54.32 
Mar-16 Pili  twigs 6 0.56 28.68 
Mar-16 Vic Coffee 6 5.55 282.56 
Mar-16 Vic Inga spp. 6 6.92 352.58 
Mar-16 Vic others 6 2.04 103.81 
Mar-16 Vic twigs 6 0.73 37.22 
May-16 Isa Coffee 5 0.65 32.88 
May-16 Isa Flowers 6 3.38 172.29 
May-16 Isa Fruits 5 1.00 50.75 
May-16 Isa Inga spp. 6 10.03 510.64 
May-16 Isa others 6 1.21 61.80 
May-16 Isa Pouteria sp. 3 1.58 80.33 
May-16 Isa twigs 6 3.72 189.48 
May-16 Pau Coffee 7 1.59 80.72 
May-16 Pau Flowers 7 4.42 225.13 
May-16 Pau Inga spp. 7 15.23 775.82 
May-16 Pau others 7 2.89 147.31 
May-16 Pau Persea sp. 4 16.50 840.24 
May-16 Pau twigs 7 6.13 312.07 
May-16 Pili  Coffee 6 1.07 54.37 
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May-16 Pili  Flowers 6 3.36 171.30 
May-16 Pili  Inga spp. 6 9.64 491.03 
May-16 Pili  others 6 5.71 290.91 
May-16 Pili  twigs 6 3.01 153.16 
May-16 Vic Coffee 6 0.61 31.29 
May-16 Vic Flowers 6 2.52 128.44 
May-16 Vic Inga spp. 6 7.35 374.08 
May-16 Vic Manguifera  6 3.99 203.37 
May-16 Vic others 5 2.46 125.04 
May-16 Vic twigs 6 3.39 172.81 
Jul-16 Isa Coffee 5 0.23 11.69 
Jul-16 Isa Flowers 6 2.71 138.22 
Jul-16 Isa Inga spp. 6 2.95 150.00 
Jul-16 Isa Manguifera  5 0.23 11.49 
Jul-16 Isa others 5 1.00 50.89 
Jul-16 Isa twigs 6 2.52 128.30 
Jul-16 Pau Coffee 7 0.72 36.68 
Jul-16 Pau Flowers 7 4.33 220.66 
Jul-16 Pau Fruits 2 0.57 29.18 
Jul-16 Pau Huiguishi 2 0.40 20.44 
Jul-16 Pau Inga spp. 7 36.10 1838.30 
Jul-16 Pau others 6 0.66 33.82 
Jul-16 Pau Persea sp. 4 6.52 332.26 
Jul-16 Pau twigs 7 3.18 161.97 
Jul-16 Pau Vsicum sp. 7 1.16 59.11 
Jul-16 Pili  Coffee 5 0.50 25.46 
Jul-16 Pili  Flowers 5 3.55 180.70 
Jul-16 Pili  Inga spp. 5 25.02 1274.11 
Jul-16 Pili  Manguifera  5 5.00 254.81 
Jul-16 Pili  others 5 0.32 16.48 
Jul-16 Pili  twigs 5 3.71 188.83 
Jul-16 Vic Coffee 6 0.19 9.77 
Jul-16 Vic Flowers 6 2.37 120.59 
Jul-16 Vic Inga spp. 6 23.60 1201.94 
Jul-16 Vic Manguifera  3 0.36 18.35 
Jul-16 Vic Manguifera  6 1.38 70.06 
Jul-16 Vic others 6 1.07 54.65 
Jul-16 Vic twigs 6 2.03 103.30 
 
Appendix G. Yield of corn, corn stover, beans and bean stover as a result of mulch and 
fertilization treatments.  
Treatment Bloq 
Corn_stover 
Tons/ha 
Corn 
Tons/ha 
Beans 
kg/ha 
Bean_stover 
kg/ha 
CON 1 0.81 0.51 202.5 161.88 
AMS 1 1.52 1.02 125.67 193.13 
ORG 1 1.43 0.49 217.5 314.38 
MUL 1 1.4 0.56 217.5 228.13 
MUL_AMS 1 1.56 0.76 221.88 281.88 
MUL_ORG 1 1.60 0.77 241.25 274.38 
CON 2 1.22 0.25 256.38 171.88 
AMS 2 1.76 0.81 296.25 307.5 
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ORG 2 1.32 0.60 236.25 280 
MUL 2 1.42 0.72 236.25 131.25 
MUL_AMS 2 1.59 0.78 283.13 216.25 
MUL_ORG 2 1.76 0.75 139.45 219.38 
CON 3 1.48 0.67 210.63 237.5 
AMS 3 1.71 0.97 178.75 175 
ORG 3 1.4 0.3 154.78 178.75 
MUL 3 1.67 0.55 143.75 273.13 
MUL_AMS 3 1.51 0.85 323.13 153.75 
MUL_ORG 3 1.84 0.76 214.38 200.63 
CON 4 1.44 0.73 259.38 215.63 
AMS 4 1.9 0.95 248.13 97.5 
ORG 4 1.2 0.39 318.13 164.38 
MUL 4 1.31 0.56 285.45 135 
MUL_AMS 4 1.56 0.86 150.05 241.25 
MUL_ORG 4 2.15 0.95 265.24 198.75 
CON: Control. AMS: Ammonium sulfate. MUL: Inga mulching. ORG: Orgamin. MUL+AMS: Inga mulching plus 
ammonium sulfate. MUL+ORG. Inga Mulching plus orgamin.  
Appendix H. ANOVA tables of   yield of corn, corn stover, beans and bean stover as a 
result of mulch and fertilization treatments.  
 
Dependent Variable: Corn_stover 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 8 0.83827948 0.1047849 5.6 0.0092 
Error 9 0.16832052 0.0187023   
Corrected 
Total 
17 1.0066    
 
     Dependent Variable: Corn 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 8 0.69796627 0.0872458 6.51 0.0016 
Error 13 0.17421555 0.0134012   
Corrected 
Total 
21 0.87218182    
 
     Dependent Variable: Beans 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
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Model 8 21574.6316 2696.829 1.64 0.2392 
Error 9 14840.4386 1648.9376   
Corrected 
Total 
17 36415.0703    
 
     Dependent Variable: Bean_stover 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 8 21363.8074 2670.4759 0.72 0.6722 
Error 15 55646.7131 3709.7809   
Corrected 
Total 
23 77010.5205    
 
      
 
Appendix I. Soil pH, phosphorus, Ca, and Mg, as a result of mulch and fertilization 
treatments. Topsoil 0-10 cm, Subsoil 10 – 20cm. 
Treatment Horizon pH Phosp_mg_kg Ca_mg_l Mg_mg_l 
AMS Topsoil 4.86 14 578 96 
AMS Topsoil 4.57 14.2 382 57 
AMS Topsoil 5.13 14 278 67 
AMS Topsoil 5.19 19 637 96 
ORG Topsoil 5.65 18.06 1240 195 
ORG Topsoil 5.65 19.5 968 155 
ORG Topsoil 5.66 18 1423 249 
ORG Topsoil 5.45 16.5 874 124 
MUL Topsoil 5.15 16.2 861 121 
MUL Topsoil 4.93 14.5 622 72 
MUL Topsoil 5.11 19 887 202 
MUL Topsoil 4.76 18.1 1050 145 
MUL_AMS Topsoil 4.92 19.5 791 132 
MUL_AMS Topsoil 4.91 20 635 87 
MUL_AMS Topsoil 5.21 16.4 489 56 
MUL_AMS Topsoil 4.7 16.3 532 84 
MUL_ORG Topsoil 5.07 18.5 755 138 
MUL_ORG Topsoil 5.47 16 856 140 
MUL_ORG Topsoil 5.47 16.33 1278 205 
MUL_ORG Topsoil 5.71 18.1 1211 173 
CON Topsoil 4.93 14 598 159.55 
CON Topsoil 4.69 16.5 279 62.06 
CON Topsoil 4.91 14.5 665 113.69 
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AMS Subsoil 4.66 11.8 364 62 
AMS Subsoil 4.32 18 403 47 
AMS Subsoil 5.01 18.1 815 135 
AMS Subsoil 4.71 20 1120 112 
ORG Subsoil 5.37 16.3 800 134 
ORG Subsoil 5.35 16.32 1299 207 
ORG Subsoil 5.2 19.5 702 131 
ORG Subsoil 5.17 18.2 1033 154 
MUL Subsoil 5.02 18 626 89 
MUL Subsoil 4.83 18 663 80 
MUL Subsoil 5.02 18 864 170 
MUL Subsoil 4.96 16.5 580 167 
MUL_AMS Subsoil 4.81 16.3 610 81 
MUL_AMS Subsoil 4.63 16.4 583 69 
MUL_AMS Subsoil 4.8 14.3 619 104 
MUL_AMS Subsoil 4.65 14.3 542 98 
MUL_ORG Subsoil 4.72 16.31 678 133 
MUL_ORG Subsoil 4.92 16.18 611 77 
MUL_ORG Subsoil 5.03 14.3 556 58 
MUL_ORG Subsoil 5.21 19.5 796 113 
CON Subsoil 4.91 11.8 168.9 65.91 
CON Subsoil 4.83 16.3 87.05 24.58 
CON Subsoil 5.06 16.5 136.29 30.29 
CON: Control. AMS: Ammonium sulfate. MUL: Inga mulching. ORG: Orgamin. MUL+AMS: Inga mulching plus 
ammonium sulfate. MUL+ORG. Inga Mulching plus orgamin.  
 
Appendix J. ANOVA tables of pH, phosphorus, Ca, and Mg, in soils under mulching and 
fertilization treatments.  
 
Topsoil 
     Dependent Variable: pH 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 1.42845833 0.2856917 6.02 0.0052 
Error 12 0.56954167 0.0474618   
Corrected 
Total 
17 1.998    
 
     Dependent Variable: Phosp_mg_kg 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 41.8488278 8.3697656 3.43 0.0372 
 163 
Error 12 29.2663333 2.4388611   
Corrected 
Total 
17 71.1151611    
 
     Dependent Variable: Ca_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 998502.269 199700.45 6.47 0.0148 
Error 7 216186.5 30883.786   
Corrected 
Total 
12 1214688.77    
 
     Dependent Variable: Mg_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 17242.059 3448.4118 1.41 0.3285 
Error 7 17171.3655 2453.0522   
Corrected 
Total 
12 34413.4245    
 
     Subsoil 
     Dependent Variable: pH 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 0.90981667 0.1819633 5.9 0.0033 
Error 15 0.46245 0.03083   
Corrected 
Total 
20 1.37226667    
 
     Dependent Variable: Phosp_mg_kg 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 25.3305905 5.0661181 0.97 0.4649 
Error 15 78.0505333 5.2033689   
Corrected 
Total 
20 103.381124    
      Dependent Variable: Ca_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 1219824.9 243964.98 4.74 0.011 
Error 13 668703.137 51438.703   
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Corrected 
Total 
18 1888528.03    
 
     Dependent Variable: Mg_mg_l 
   Source DF Sum of 
Squares 
Mean 
Square 
F Value Pr > F 
Model 5 25153.5894 5030.7179 3.85 0.0232 
Error 13 16981.3525 1306.2579   
Corrected 
Total 
18 42134.9418    
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Appendix K. Chemical analysis of organic product Bio-orgamin  
 
 
 
ANÁLISIS       DE      COMPOSTA
INFORMACIÓN GENERAL
Cliente Nutre y Fortalece de Mexico SA
No. de Registro CP-1497
Rancho o Empresa N/A 
Municipio Tehuacan
Estado Puebla
Identificación Bio Orgamin
Fecha de Recepción 01/09/2015
Fecha de Entrega 08/09/2015
Estado Físico de la Muestra Solido
Variedad Bio Orgamin
Determinación Método Unidades ResultadosBase humeda Base seca
pH NMX-FF-109-SCFI-2007 6.73
Cond. Eléctrica NMX-FF-109-SCFI-2007 dS m-1 6.45
Nitrógeno total Kjeldahl % 0.49 0.53
Fósforo (P O )2 5 Digestión en microondas/ espectrofotometría % 1.37 1.47
Potasio(K) Elementos solubles en agua / AA % 0.35 0.37
Calcio(Ca) Elementos solubles en agua / AA % 0.56 0.61
Magnesio(Mg) Elementos solubles en agua / AA % 2.97 3.18
Sodio(Na) Elementos solubles en agua / AA % 0.71 0.76
Azufre(S) Digestión en microondas / Turbidiometria % 1.19 1.28
Hierro(Fe) Digestión en microondas/ AA ppm 2368 2538
Cobre(Cu) Digestión en microondas/ AA ppm 14.7 15.7
Manganeso(Mn) Digestión en microondas/ AA ppm 172 184
Zinc(Zn) Digestión en microondas/ AA ppm 54.2 58.1
Boro(B) Digestión en microondas/ AA ppm 19.9 21.3
Humedad Método Gravimétrico % 6.69
Materia Orgánica Calcinación % 12.0 12.8
Cenizas Calcinación % 81.3 87.2
Carbono Orgánico Calcinación % 6.95 7.45
Relación C/N Base Seca 14.1 14.1
Nitratos(N-NO )3 Método de nitración con ácido salicílico ppm NA NA
Nitrogeno Amoniacal Kjeldahl ppm NA NA
Cloro  Titulación con nitrato de plata / método gravimétrico % NA NA
Solidos Disueltos Método Gravimétrico mg/L NA
Solidos Totales Método Gravimétrico mg/L NA
PND = PENDIENTE POR VERIFICACIÓN     NA = NO ANALIZADO
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